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Résumé 
 

La méthanisation agricole des effluents animaux est une pratique en fort développement en France. Elle 

�S�U�R�G�X�L�W�� �G�H�� �O�¶�p�Q�H�U�J�L�H�� �U�H�Q�R�X�Y�H�O�D�E�O�H�� ���E�L�R�J�D�]������ �/�D�� �Y�D�O�R�U�L�V�D�W�L�R�Q��des digestats au champ, comme celle des 

effluents non méthanisés, permet le retour au sol de nutriments et de matière organique, ce qui diminue 

�O�H���E�H�V�R�L�Q���H�Q���H�Q�J�U�D�L�V���P�L�Q�p�U�D�X�[���H�W���H�Q�W�U�H�W�L�H�Q�W���O�H�V���V�W�R�F�N�V���G�H���&���G�H�V���V�R�O�V�����/�H���W�U�D�L�W�H�P�H�Q�W���H�W���O�¶�p�S�D�Q�G�D�J�H���G�H���F�H�V��

produit�V�� �S�H�X�W�� �D�X�V�V�L�� �L�Q�G�X�L�U�H�� �O�¶�p�P�L�V�V�L�R�Q�� �G�H�� �J�D�]�� �j�� �H�I�I�H�W�� �G�H�� �V�H�U�U�H�� �H�W�� �G�H�� �F�R�Q�W�D�P�L�Q�D�Q�W�V���� �/�D�� �P�p�W�K�D�Q�L�V�D�W�L�R�Q��

agricole influence ces impacts : pour les maîtriser, il faut comprendre comment la digestion des effluents 

avec des déchets importés modifie les cycles du C et du �1���j���O�¶�p�F�K�H�O�O�H���G�H���O�D���I�H�U�P�H�����&�H�W�W�H���T�X�H�V�W�L�R�Q���D���p�W�p��

�W�U�D�L�W�p�H���H�Q���V�¶�D�S�S�X�\�D�Q�W���V�X�U���X�Q���F�D�V���G�¶�p�W�X�G�H���j���O�¶�,�1�5�$�(���G�H���1�R�X�]�L�O�O�\�����&�H�Q�W�U�H���± Val de Loire) : une exploitation 

agricole avec un méthaniseur traitant les effluents de son élevage bovin et divers déchets organiques. 

�/�R�U�V�� �G�H�� �O�¶�H�V�V�D�L�� �D�X�� �F�K�D�P�S�� �0�p�W�D�0�p�W�K�D���� �Q�R�X�V�� �D�Y�R�Q�V�� �F�R�P�S�D�U�p�� �O�H�V�� �I�O�X�[�� �G�¶�D�]�R�W�H�� �D�X�� �F�R�X�U�V�� �G�¶�X�Q�H�� �U�R�W�D�W�L�R�Q��

culturale fertilisée avec des engrais minéraux, des lisiers et fumiers bovins, ou des digestats issus de ces 

effluents. Les digestats se substituent bien aux engrais minéraux, mais ils sont sensibles à la 

�Y�R�O�D�W�L�O�L�V�D�W�L�R�Q�� �G�¶�D�P�P�R�Q�L�D�F�� ���1�+3). Les vers de terre peuvent être négativement impactés juste après 

�O�¶�p�S�D�Q�G�D�J�H���G�H���G�L�J�H�V�W�D�W���R�X���G�H���O�L�V�L�H�U�����P�D�L�V���O�H�V���H�I�I�H�W�V���V�R�Q�W���V�L�P�L�O�D�L�U�H�P�H�Q�W���S�R�V�L�W�L�I�V���D�S�U�q�V�������D�Q�V���G�¶�D�S�S�R�U�W�V���G�H��

matière organique. Nous avons ensuite évalué les modèles STICS et SYS-Metha pour simuler 

�U�H�V�S�H�F�W�L�Y�H�P�H�Q�W���O�¶�H�V�V�D�L���D�X���F�K�D�P�S���H�W���O�H���W�U�D�L�W�H�P�H�Q�W���G�H�V���G�L�J�H�V�W�D�W�V�����&�H�V���P�R�G�q�O�H�V���R�Q�W���p�W�p���F�R�X�S�O�p�V���S�R�X�U���V�L�P�X�O�H�U��

�O�H�V���I�O�X�[���G�H���&���H�W���1���j���O�¶�p�F�K�H�O�O�H���G�H���O�D���I�H�U�P�H�����$�Y�H�F���G�H���I�R�U�W�V���L�P�S�R�U�W�V���G�H déchets, la méthanisation favorise la 

substitution des engrais minéraux, le stockage de C dans les sols, mais aussi les émissions de NH3. Ce 

�W�U�D�Y�D�L�O�� �S�H�U�P�H�W�� �G�H�� �P�L�H�X�[�� �p�Y�D�O�X�H�U�� �O�H�V�� �F�R�Q�V�p�T�X�H�Q�F�H�V�� �G�H�� �O�¶�L�Q�W�U�R�G�X�F�W�L�R�Q�� �G�¶�X�Q�� �P�p�W�K�D�Q�L�V�H�X�U�� �G�D�Q�V�� �X�Q�H��

exploitation agricole �H�W���D�L�Q�V�L���G�¶�R�S�W�L�P�L�V�H�U���O�D���I�L�O�L�q�U�H�� 

 

Mots-clefs 

Méthanisation ; Polyculture élevage ���� �&�\�F�O�H�V�� �G�X�� �F�D�U�E�R�Q�H�� �H�W�� �G�H�� �O�¶�D�]�R�W�H ; Bilan environnemental ; 

Modélisation ; Vers de terre. 
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Abstract 
 

The anaerobic digestion (AD) of animal effluents is strongly developing in France. It produces 

renewable energy (biogas). Like undigested effluents, the use of anaerobic digestates in the field enables 

the recycling of nutrients and organic matter in the soil, which decreases the need for synthetic fertilizers 

and maintains soil organic carbon stocks. However, the treatment and field application of those organic 

products can also cause greenhouse gas emissions and contaminants. The on-farm AD nfluences those 

impacts. In order to control them, we need to understand how the co-digestion of animal effluents with 

imported organic wastes influences C and N cycles at the farm scale. We studied this question with the 

support of a case study at INRAE in Nouzilly (Centre �± Val de Loire, France): a crop and livestock farm 

where an anaerobic digester treats the cattle effluents together with imported wastes. During the 

MetaMetha field experiment, we compared N fluxes during a crop rotation that was fertilized with 

synthetic N fertilizers, undigested cattle slurry and farmyard manure, or digestates issued from their 

digestion. We found that digestates can substitute synthetic fertilizers, despite the risk of ammonia (NH3) 

emissions. Earthworms can be negatively impacted just after the application of digestate of slurry, but 

the input of organic matter induced similar positive impacts after two years. We then evaluated the 

STICS and SYS-Metha models to simulate the field experiment, and digestate treatment and storage, 

respectively. Both models were coupled to simulate C and N fluxes at the farm scale. The models showed 

that when large amounts of digested wastes are imported, AD promotes substitution of synthetic N 

fertilizers and storage of soil organic C, but also NH3 emissions. The study enabled us to better evaluate 

the consequences of the on-farm AD and therefore to optimize the sector. 

 

Keywords 

Anaerobic digestion; Crop-livestock farm; Carbon and nitrogen cycles; Environmental assessment; 

Modelling; Earthworms. 
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I.1 La méthanisation : définitions 
La méthanisation correspond à la dégradation en conditions anaérobies de substrats organiques 

(déchets organiques, résidus de cultures, cultures dédiées) par des microorganismes, ce qui conduit à la 

production de biogaz, un mélange principalement composé de dioxyde de carbone (CO2), de méthane 

(CH4�������H�W���G�H���Y�D�S�H�X�U���G�¶�H�D�X�����+2O). Le biométhane extrait de ce biogaz peut être utilisé comme source 

�G�¶�p�Q�H�U�J�L�H���U�H�Q�R�X�Y�H�O�D�E�O�H�����/�D���P�D�W�L�q�U�H���U�p�V�L�G�X�D�L�U�H���R�E�W�H�Q�X�H���D�S�U�q�V���O�D���G�L�J�H�V�W�L�R�Q���H�V�W���D�S�S�H�O�p�H��digestat�����&�¶�H�V�W���X�Q��

substrat organique contenant tous les nutriments présents dans les intrants, et qui peut être valorisé de 

plusieurs façons, incluant sa valorisation en agriculture en tant que fertilisant ou amendement organique 

(section 1.1). La plateforme où se déroule la méthanisation est un méthaniseur (Moletta, 2015). 

I.2 Diversité des procédés de méthanisation et des digestats 
Il existe une grande diversité de types de méthanisation, ne répondant pas aux mêmes contraintes locales, 

ni aux mêmes enjeux. Cette section introduit les facteurs de variations entre les systèmes de 

méthanisation : la diversité des intrants, des tailles de digesteurs, des procédés de méthanisation, des 

types de valorisation du biogaz, et des modalités de gestion des digestats. 

�8�Q�� �P�p�W�K�D�Q�L�V�H�X�U�� �V�H�� �F�D�U�D�F�W�p�U�L�V�H�� �G�¶�D�E�R�U�G�� �S�D�U�� �V�H�V��intrants (également nommés substrats). Les premiers 

intrants pouvant être méthanisés sont des déchets ou sous-produits organiques, de nature très variée 

(European Biogas Association, 2020; Guilayn et al., 2019a; Moletta, 2015). Parmi les intrants 

classiques, on peut citer : l�H�V�� �H�I�I�O�X�H�Q�W�V�� �G�¶�p�O�H�Y�D�J�H�� ���O�L�V�L�H�U�V���� �I�X�P�L�H�U�V������ �O�H�V�� �E�L�R�G�p�F�K�H�W�V�� �L�V�V�X�V�� �G�H�V��

agglomérations (fraction fermentescible des ordures ménagères, autres biodéchets collectés 

sélectivement tels que les invendus des petites et moyennes surfaces�������O�H�V���E�R�X�H�V���G�H���V�W�D�W�L�R�Q���G�¶�p�S�X�U�D�W�L�R�Q��

des eaux usées (STEU), divers déchets issus des industries agro-alimentaires ���,�$�$���� ���E�R�X�H�V�� �G�¶�,�$�$����

�J�U�D�L�V�V�H�V�������G�H�V���G�p�F�K�H�W�V���D�J�U�L�F�R�O�H�V�����L�V�V�X�V���G�H���V�L�O�R�V�������,�O���H�V�W���D�X�V�V�L���S�R�V�V�L�E�O�H���G�¶�X�W�L�O�L�V�H�U���G�H�V���F�X�O�W�X�U�H�V�����T�X�¶�L�O���V�¶�D�J�L�V�V�H��

de cultures dédiées (maïs ensilage, par exemple), ou de cultures intermédiaires récoltées pour être 

méthanisées (cultures intermédiaires à vocation énergétique, dites CIVE). Souvent, les mélanges 

�G�¶�L�Q�W�U�D�Q�W�V�� �V�R�Q�W�� �R�S�W�L�P�L�V�p�V�� �S�R�X�U�� �D�Xgmenter la production de biogaz ou répondre à des contraintes 

techniques telles que la teneur en matière sèche, le rapport C/N, des limitations des éléments inhibiteurs 

ou toxiques comme les acides gras volatils �R�X�� �O�¶�D�P�P�R�Q�L�D�F 

(Esposito et al., 2012; Iacovidou et al., 2012; Mata-Alvarez et al., 2014). Chaque intrant a des 

caractéristiques variables, qui vont influencer la production de biogaz et la nature du digestat. Ces 

intrants ont des teneurs variables en matière sèche (MS), matière organique (MO), et différents macro- 

et micronutriments (N, P, K, éléments traces métalliques - ETM). Les intrants sont également 

caractérisés par leur vitesse de dégradation et leur potentiel à être digéré et à produire du méthane en 

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

classique des intrants est le potentiel méthanogène (BMP - biochemical methane potential), qui 
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détermine la proportion de MO qui pourra être transformée en méthane dans des conditions normées. 

Le BMP est très utilisé pour caractériser les intrants (Filer et al., 2019; Koch et al., 2020; Owen et al., 

1979). Le prétraitement des intrants peut permettre de changer leurs caractéristiques physico-chimiques 

et améliorer la production de biogaz (traitements mécaniques, physico-chimiques, biologiques) 

(Esposito et al., 2012; Fisgativa et al., 2020b; Mata-Alvarez et al., 2014). 

�(�Q���S�O�X�V���G�H���O�D���Q�D�W�X�U�H���G�H�V���L�Q�W�U�D�Q�W�V�����O�H�V���T�X�D�Q�W�L�W�p�V���G�¶�L�Q�W�U�D�Q�W�V���W�U�D�L�W�p�V��dans un méthaniseur peuvent être très 

variées. Il existe des �P�p�W�K�D�Q�L�V�H�X�U�V���W�U�D�L�W�D�Q�W���T�X�H�O�T�X�H�V���W�R�Q�Q�H�V���G�H���G�p�F�K�H�W�V���S�D�U���D�Q�����H�W���G�¶�D�X�W�U�H�V���W�U�D�L�W�D�Q�W���S�O�X�V���G�H��

100 000 t de déchets par an. �/�H�V���S�H�W�L�W�V���P�p�W�K�D�Q�L�V�H�X�U�V���j���O�¶�p�F�K�H�O�O�H���G�¶�X�Q���I�R�\�H�U���S�H�X�Y�H�Q�W���S�U�R�G�X�L�U�H���P�R�L�Q�V���G�H��

10 m3 de biogaz par an, les méthaniseurs agricoles peuvent avoir une production de 200 à plus 1000 m3 

�G�H���E�L�R�J�D�]�����W�D�Q�G�L�V���T�X�H���G�H�V���P�p�W�K�D�Q�L�V�H�X�U�V���W�H�U�U�L�W�R�U�L�D�X�[���S�H�X�Y�H�Q�W���S�U�R�G�X�L�U�H���M�X�V�T�X�¶�j���������������P3 de biogaz par an 

(Vasco-Correa et al., 2018).  

Un méthaniseur peut être caractérisé par sa température de fonctionnement. Une température élevée 

favorise la digestion : on parle de méthanisation mésophile (30 �± 40°C), ou thermophile (45 �± 60°C). 

De plus, plusieurs procédés existent pour réaliser la digestion anaérobie. Le procédé le plus courant en 

Europe pour la méthanisation de déchets agricoles est la voie humide infiniment mélangée avec 

approvisionnement en continu (continuous stirred tank reactor CSTR) : dans ce cas, le résidu dans le 

�G�L�J�H�V�W�H�X�U�� �H�V�W�� �O�L�T�X�L�G�H���� �,�O�� �H�[�L�V�W�H�� �D�X�V�V�L�� �G�H�V�� �S�U�R�F�p�G�p�V�� �H�Q�� �Y�R�L�H�� �V�q�F�K�H���� �F�¶�H�V�W-à-dire avec �P�p�O�D�Q�J�H�� �G�¶�L�Q�W�U�D�Q�Ws 

solides���� �H�W�� �R�•�� �O�¶�D�S�S�Uovisionnement peut être continu (piston, vis sans fin) (plug-flow reactor), ou 

discontinu (apports par charges, batch). Enfin, la digestion peut avoir lieu dans un unique digesteur, ou 

dans plusieurs digesteurs successifs (Moletta, 2015).  

Le biogaz peut être utilisé �S�R�X�U�� �S�U�R�G�X�L�U�H�� �G�H�� �O�¶�p�O�H�F�W�U�L�F�L�W�p et est alors le plus souvent associé à une 

production de chaleur (cogénération). Le biogaz peut aussi être purifié en biométhane, pour être soit 

utilisé en tant que carburant ou être injecté dans les réseaux de gaz naturel (injection). 

Enfin, le digestat peut être post-traité avant sa valorisation. Le digestat dit brut subit souvent une 

séparation de phase (par presse à vis, centrifugation par exemple), amenant à avoir à la fois un digestat 

liquide, pauvre en matière sèche et souvent riche en azote minéral, et un digestat solide, plus riche en 

matière organique (Guilayn et al., 2019b). Les digestats peuvent la plupart du temps être simplement 

valorisés et épandus au champ en tant que fertilisants. Les digestats peuvent aussi subir différents 

traitements (Cesaro, 2021; Logan and Visvanathan, 2019) visant à améliorer ou modifier leurs qualités 

fertilisantes (compostage, séchage, traitements thermochimiques : gazéification, pyrolyse, carbonisation 

hydrothermale). Les nutriments des digestats peuvent également être extraits pour produire des engrais 

concentrés par stripping et précipitation de struvites (Palakodeti et al., 2021; Vaneeckhaute et al., 2017). 

La bioraffinerie ���F�¶�H�V�W-à-�G�L�U�H���O�¶extractio�Q���G�H���P�R�O�p�F�X�O�H�V���G�¶intérêt économique) et les utilisations comme 

support de culture pour des micro-algues ou éventuellement �G�¶�D�X�W�U�H�V���R�U�J�D�Q�L�V�P�H�V�����L�Q�V�H�F�W�H�V���S�D�U��exemple) 

sont aussi envisagés, mais en cours de développement (Cesaro, 2021).  
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En conclusion, nous pouvons dire que la méthanisation est un terme qui englobe des procédés très divers. 

En conséquence, en fonction des intrants et procédés, les digestats peuvent avoir des caractéristiques 

physico-chimiques très différentes (Beggio et al., 2019; Guilayn et al., 2019a; Stürmer et al., 2020). 

I.3 Pourquoi la méthanisation ? 
�/�¶�D�J�U�L�F�X�O�W�X�U�H���H�V�W���F�R�Q�I�U�R�Q�W�p�H���j���S�O�X�V�L�H�X�U�V��défis �J�O�R�E�D�X�[�����/�¶�D�J�U�L�F�X�O�W�X�U�H ���L�Q�F�O�X�D�Q�W���O�¶�p�O�H�Y�D�J�H��, avec la gestion 

forestière �H�W���O�H�V���F�K�D�Q�J�H�P�H�Q�W�V���G�¶�X�V�D�J�H�V���G�H�V���V�R�O�V�����F�R�Q�W�U�L�E�X�H���j���K�D�X�W�H�X�U���G�H����4% aux émissions de gaz à effet 

de serre (GES), favorisant le �F�K�D�Q�J�H�P�H�Q�W���F�O�L�P�D�W�L�T�X�H�����,�3�&�&�������������������/�¶�D�J�U�L�F�X�O�W�X�U�H���X�W�L�O�L�V�H���G�H���S�O�X�V���H�Q���S�O�X�V��

�G�¶�H�Q�J�U�D�L�V���G�H���V�\�Q�W�K�q�V�H ou issus de ressources minières, par exemple en ce qui concerne les engrais azotés 

(Erisman et al., 2008) et les engrais phosphatés (Cordell et al., 2009). Leur surutilisation cause des 

problèmes de �S�R�O�O�X�W�L�R�Q�� �G�H�� �O�¶�D�L�U�� �H�W�� �G�H�� �O�¶�H�D�X et peut affecter les écosystèmes (Erisman et al., 2008). 

�/�¶�X�W�L�O�L�V�D�W�L�R�Q���G�H�V���H�Q�J�U�D�L�V���S�K�R�V�S�K�D�W�p�V���U�H�S�R�V�H���V�X�U���G�H�V���U�H�V�V�R�X�U�F�H�V���I�R�V�V�L�O�H�V non renouvelables, dont la réserve 

estimée est faible et très localisée ���&�R�U�G�H�O�O���H�W���D�O���������������������/�¶�D�J�U�L�F�X�O�W�X�U�H���H�V�W���D�X�V�V�L���O�D���F�D�X�V�H���G�H���Q�R�P�E�U�H�X�[��

risques de pertes de biodiversités (Dudley and Alexander, 2017). Dans ce contexte, le concept 

�G�¶�D�J�U�L�F�X�O�W�X�U�H�� �L�Q�W�H�O�Oigente face au climat (climate smart agriculture) a été proposé par la FAO 

(FAO, 2021). À travers ce concept, la FAO identifie trois principaux défis �S�R�X�U�� �O�¶�D�J�U�L�F�X�O�W�X�U�H : 

�O�¶�D�X�J�P�H�Q�W�D�W�L�R�Q�� �G�X�U�D�E�O�H�� �G�H�� �O�D�� �S�U�R�G�X�F�W�L�R�Q�� �D�J�U�L�F�R�O�H���� �O�¶�D�G�D�S�W�D�W�L�R�Q�� �I�D�F�H�� �D�X�� �F�K�D�Q�J�H�P�H�Q�W�� �F�O�Lmatique et la 

diminution des émissions de GES �F�D�X�V�p�H�V���S�D�U���O�¶�D�J�U�L�F�X�O�W�X�U�H�� 

Pour relever ces défis, de nombreuses solutions complémentaires sont utilisées. La méthanisation est 

considérée comme �O�¶�X�Q�H���G�¶�H�O�O�H�����/�H�V���S�U�H�P�L�H�U�V���P�p�W�K�D�Q�L�V�H�X�U�V���R�Q�W���p�W�p���F�R�Q�V�W�U�X�L�W�V���G�D�Q�V���Oes années 1940. La 

recherche sur ce domaine a augmenté dans les années 1970, lorsque le choc pétrolier a causé une 

�D�X�J�P�H�Q�W�D�W�L�R�Q���G�H�V���F�R�€�W�V���G�H���O�¶�p�Q�H�U�J�L�H�����0�R�O�H�W�W�D�������������������$�F�W�X�H�O�O�H�P�H�Q�W�����O�H�V���S�U�L�Q�F�L�S�D�X�[���D�Y�D�Q�W�D�J�H�V���D�W�W�U�L�E�X�p�V��

à la méthanisation sont le traitement d�H�V���G�p�F�K�H�W�V�����O�D���S�U�R�G�X�F�W�L�R�Q���G�¶�p�Q�H�U�J�L�H���U�H�Q�R�X�Y�H�O�D�E�O�H���H�W���O�H���U�H�F�\�F�O�D�J�H��

des nutriments en agriculture. La �P�p�W�K�D�Q�L�V�D�W�L�R�Q�� �R�I�I�U�H�� �X�Q�H�� �V�R�X�U�F�H�� �G�¶�p�Q�H�U�J�L�H���� �O�H�� �E�L�R�J�D�]���� �j�� �S�D�U�W�L�U�� �G�Hs 

« ressources » renouvelables que peuvent être les déchets organiques et les cultures, dédiées ou non, 

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

énergie renouvelable. �&�R�P�S�D�U�p���j���G�¶�D�X�W�U�H�V���p�Q�H�U�J�L�Hs renouvelables, le biométhane a �O�¶�D�Y�D�Q�W�D�J�H���G�H���S�R�X�Y�R�L�U��

être stocké. Un des débouchés du biométhane est son usage comme carburant pour le transport (Cong et 

al., 2017; Scarlat et al., 2018; Vasco-Correa et al., 2018). �/�D���P�p�W�K�D�Q�L�V�D�W�L�R�Q���D���D�X�V�V�L���O�¶�D�Y�D�Q�W�D�J�H���G�H���U�H�F�\�F�O�H�U��

les nutriments en les valorisant au champ (Stürmer et al., 2020). 

I.4 La méthanisation dans le monde, en Europe, et en France 
Depuis des années 2000, la production de biogaz a fortement augmenté dans la plupart des régions du 

monde (Scarlat et al., 2018). La production mondiale de biogaz a été multipliée par un facteur 4 à 5 entre 

2004 et 2014 (d'après Eurostat, Scarlat et al., 2018�������(�Q���������������O�¶�(�X�U�R�S�H���S�U�R�G�X�L�V�D�L�W���O�D���P�R�L�W�L�p���G�X���E�L�R�J�D�]��

mondial, la Chine et les Etats-Unis étant les autres producteurs importants (Lu and Gao, 2021; 
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Scarlat et al., 2018). �/�¶�H�V�V�R�U���G�H���O�D���P�p�W�K�D�Q�L�V�D�W�L�R�Q���H�V�W���I�D�Y�R�U�L�V�p���S�Dr des politiques publiques (objectifs de 

réduction des émissions de GES, objectifs de développement des énergies renouvelables, objectifs de 

développement territorial, objectifs de réduction des pollutions associées au traitement des déchets ou à 

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

crédits alloués à la mise en place de la méthanisation) (Vasco-Correa et al., 2018). 

En Afrique et en Asie, on retrouve beaucoup de petits méthaniseurs domestique�V�����j���O�¶�p�F�K�H�O�O�H���G�¶�X�Q���I�R�\�H�U����

Sur ces deux continents, de nombreux pays développent des politiques pour promouvoir la 

�P�p�W�K�D�Q�L�V�D�W�L�R�Q�����j�� �O�¶�p�F�K�H�O�O�H���G�R�P�H�V�W�L�T�X�H ou industrielle (Kemausuor et al., 2018; Mengistu et al., 2015; 

Rupf et al., 2017; Scarlat et al., 2018; Surendra et al., 2014; Tagne et al., 2021; Tolessa et al., 2020). La 

�P�p�W�K�D�Q�L�V�D�W�L�R�Q���V�¶�H�V�W���U�D�S�L�G�H�P�H�Q�W���G�p�Y�H�O�R�S�S�p�H���H�Q���&�K�L�Q�H���H�Q�W�U�H�������������H�W���������������D�Y�H�F���X�Q���U�D�O�H�Q�W�L�V�V�H�P�H�Q�W���G�H���O�D��

croissance entre 2015 et 2017, et concerne les méthaniseurs domestiques (environ 40 millions en 2017) 

et les méthaniseurs industriels (environ 100 000 en 2017) (Lu and Gao, 2021). En Amérique latine, des 

�S�D�\�V���F�R�P�P�H���O�D���%�R�O�L�Y�L�H�����O�¶�(�T�X�D�W�H�X�U�����O�H���0�H�[�L�T�X�H�����O�H���1�L�F�D�U�D�J�X�D�����R�X���O�H���3�p�U�R�X���R�Q�W���I�D�Y�R�U�L�V�p���O�¶�L�Q�V�W�D�O�O�D�W�L�R�Q���G�H 

méthaniseurs de petite taille, ta�Q�G�L�V���T�X�H���O�H���%�U�p�V�L�O�����O�D���&�R�O�R�P�E�L�H�����O�H���+�R�Q�G�X�U�D�V�����O�¶�$�U�J�H�Q�W�L�Q�H�����R�Q�W���S�O�X�W�{�W���p�W�p��

sujet à des installations de plus gros méthaniseurs industriels, notamment dans les grandes fermes et les 

palmeraies (Scarlat et al., 2018). 

�/�¶�(�X�U�R�S�H���H�V�W���O�H���F�R�Q�W�L�Q�H�Q�W���R�•���O�D���S�U�R�G�X�F�W�L�Rn de biogaz est la plus importante. Le nombre de méthaniseurs 

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

2020). La production de biogaz européenne a été multipliée par 2,5 entre 2011 et 2016, avec une très 

faible évolution globale entre 2016 et 2019. Entre 2009 et 2019, le nombre de méthaniseurs a été 

multiplié par 2,9. Ce développement de la méthanisation correspond à des actions de la part des 

gouvernements comme la directive européenne �S�R�X�U�� �O�¶�p�Q�H�U�Jie renouvelable de 2009 

(Directive 2009/28/EC, 2009), la stratégie pour la bioéconomie de 2012 (European Commission. 

Directorate General for Research and Innovation, 2012) �R�X�� �O�H�� �U�p�F�H�Q�W�� �S�D�F�W�H�� �Y�H�U�W�� �S�R�X�U�� �O�¶�(�X�U�R�S�H��

(COM(2019) 640 final, 2019). Cette situation cache une grande hétérogénéité dans la mise en place de 

la méthanisation entre les pays. Entre autres�����O�H�V���L�Q�W�U�D�Q�W�V���X�W�L�O�L�V�p�V���Y�D�U�L�H�Q�W���I�R�U�W�H�P�H�Q�W���G�¶�X�Q���S�D�\�V���j���O�¶�D�X�W�U�H 

(Figure I.1). En Allemagne et en Autriche, plus de 50% des intrants sont des cultures dédiées ; en France 

�H�W�� �H�Q�� �5�p�S�X�E�O�L�T�X�H�� �7�F�K�q�T�X�H���� �������� �G�H�V�� �L�Q�W�U�D�Q�W�V�� �V�R�Q�W�� �G�H�V�� �G�p�F�K�H�W�V�� �L�V�V�X�V�� �G�H�� �O�¶�D�J�U�L�F�X�O�W�X�U�H ; la Suède utilise 

majoritairement des boues de STEU (> 90%) ; le Royaume Uni utilise des déchets issus des ordures 

ménagères �R�X���G�H���O�¶�L�Q�G�X�V�W�U�L�H���D�J�U�R�D�O�L�P�H�Q�W�D�L�U�H���j���K�D�X�W�H�X�U���G�H�������������(�X�U�R�S�H�D�Q���%�L�R�J�D�V���$�V�V�R�F�L�D�W�L�R�Q���������������� La 

plupart des méthaniseurs européens ont des tailles industrielles (Vasco-Correa et al., 2018). Les petits 

méthaniseurs, traitant quelques tonnes de déchets par an dans les zones urbaines européennes 

(Thiriet et al., 2020; Walker et al., 2017), sont parfois étudiés mais très peu répandus. 
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Figure I.1 �± Intrants utilisés pour la méthanisation dans différents pays européens, en 2015. La figure 
est issue de Scarlat et al. (2018). 

�(�Q���)�U�D�Q�F�H�����O�¶�D�J�U�L�F�X�O�W�X�U�H���H�V�W���U�H�V�S�R�Q�V�D�E�O�H���G�H�����������G�H�V���p�P�L�V�V�L�R�Q�V���G�H��GES. Parmi ces émissions, 45% sont 

dues aux émissions de méthane (CH4), originaires �P�D�M�R�U�L�W�D�L�U�H�P�H�Q�W���G�H���O�¶�p�O�H�Y�D�J�H�����H�W�����������D�X�[���p�P�L�V�V�L�R�Q�V��

de �S�U�R�W�R�[�\�G�H�� �G�¶�D�]�R�W�H (N2O), majoritairement originaires de la fertilisation azotée. 89% et 68% des 

émissions nationales de N2O et de CH4 �S�U�R�Y�L�H�Q�Q�H�Q�W���G�H���O�¶�D�J�U�L�F�X�O�W�X�U�H�����&�,�7�(�3�$�������������������/�D���P�p�W�K�D�Q�L�V�D�W�L�R�Q��

a été avancée comme une des manières de réduire les émissions de GES agricoles en France (Pellerin et 

al., 2013). Le plan Énergie Méthanisation Autonomie Azote ���0�L�Q�L�V�W�q�U�H�� �G�H�� �O�¶�D�J�U�L�F�X�O�W�X�U�H�� 

�G�H���O�¶�D�J�U�R�D�O�L�P�H�Q�W�D�L�U�H���H�W���G�H���O�D���I�R�U�r�W�������������� a été lancé en 2013 pour promouvoir la méthanisation agricole, 

�G�D�Q�V���X�Q�H���R�S�W�L�T�X�H���G�H���S�U�R�G�X�F�W�L�R�Q���G�¶�p�Q�H�U�J�L�H���U�H�Q�R�X�Y�H�O�D�E�O�H�����G�¶�D�Q�F�U�D�J�H���G�H���O�¶�D�J�U�L�F�X�O�W�X�U�H���G�D�Q�V���O�H���W�H�U�U�L�W�R�L�U�H et  

de diminution des �L�P�S�R�U�W�V���G�¶�H�Q�J�U�D�L�V���G�H���V�\�Q�W�K�q�V�H��dans les exploitations agricoles. En France, le nombre 

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

avait 1 019 en 2020 (SINOE, 2021) (Figure I.2)�����/�H���Q�R�P�E�U�H���G�¶�X�Q�L�W�ps valorisant le biogaz en injection 

augmente fortement : il a par exemple doublé entre 2019 (93 unités) et 2020 (193 unités, la moitié des 

nouvelles unités installées cette année-là valorisent le biogaz en injection). Les méthaniseurs sont 

principalement des méthaniseurs agricoles à la ferme, gérés par un ou des agriculteurs, et dont la capacité 

moyenne de traitement des déchets est de 11 000 t an-1. La particularité de la méthanisation en 

�H�[�S�O�R�L�W�D�W�L�R�Q���D�J�U�L�F�R�O�H���H�V�W���O�D���I�R�U�W�H���L�P�S�R�U�W�D�Q�F�H���G�H���O�¶�p�S�D�Q�G�D�J�H���G�H�V���G�L�J�H�V�W�D�W�V���D�X���F�K�D�P�S�����/�H���G�L�J�H�V�W�D�W���H�V�W���Y�X��

comme un engrais qui peut bénéficier aux agriculteurs. Les méthaniseurs dit « territoriaux », ou 

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

issus des industries agro-alimentaires. Ils traitent en moyenne 44 000 t de déchets par an (SINOE, 2021). 

On trouve aussi des unités de méthanisation en STEP ou en industrie. Malgré cette augmentation de 

�O�¶�L�P�S�R�U�W�D�Q�F�H���G�H���O�D���P�p�W�K�D�Q�L�V�D�W�L�R�Q�����O�H���E�L�R�J�D�]���Q�H���U�H�S�U�p�V�H�Q�W�H���H�Q�������������T�X�H�������������G�H���O�D���S�U�R�G�X�F�W�L�R�Q���G�¶�p�Q�H�U�J�L�H��

primaire renouvelable, soit 0.4% de l�D���S�U�R�G�X�F�W�L�R�Q���G�¶�p�Q�H�U�J�L�H���S�U�L�P�D�L�U�H���W�R�W�D�O�H���H�Q���)�U�D�Q�F�H��(SDES, 2020). 
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Figure I.2 �± É�Y�R�O�X�W�L�R�Q�� �G�X�� �Q�R�P�E�U�H�� �G�¶�X�Q�L�W�p�� �G�H�� �P�p�W�K�D�Q�L�V�D�W�L�R�Q�� �H�Q�� �)�U�D�Qce. Les données proviennent de 

SINOE (2021) 

I.5 Controverses liées à la méthanisation 
Actuellement, la méthanisation soulève aussi des questions de la part de la société civile, auxquelles des 

réponses doivent être apportées. Ces questions concernent, entre autres, les effets sur les agrosystèmes 

des digestats. Ce sont des engrais organiques de plus en plus fréquents, et le développement récent de la 

�P�p�W�K�D�Q�L�V�D�W�L�R�Q���I�D�L�W���T�X�¶�L�O���\���D���H�Q�F�R�U�H���X�Q���P�D�Q�T�X�H���G�H���U�H�F�X�O���V�X�U���F�H�U�W�D�L�Q�V���H�I�I�H�W�V���Ges digestats sur les sols. Un 

�E�H�V�R�L�Q���G�¶�L�Q�I�R�U�P�D�W�L�R�Q��existe �V�X�U���O�¶�H�I�I�H�W���G�H�V���G�L�J�H�V�W�D�W�V���V�X�U���O�D���Y�L�H���G�X���V�R�O�����I�D�X�Q�H���G�X���V�R�O�����P�L�F�U�R�E�L�R�O�R�J�L�H�����H�W���V�X�U��

leur capacité �j���H�Q�U�L�F�K�L�U���O�H���V�R�O���H�Q���P�D�W�L�q�U�H���R�U�J�D�Q�L�T�X�H�����&�R�P�P�H���W�R�X�V���O�H�V���H�Q�J�U�D�L�V���R�U�J�D�Q�L�T�X�H�V�����O�¶�p�S�D�Q�G�D�J�H���G�H��

digestat comporte aussi des risques de pollution azotée (nitrate, ammoniac) en cas de mauvaise 

utilisation. Le type d�¶intrant méthanisé est une question importante liée �j���O�D���P�p�W�K�D�Q�L�V�D�W�L�R�Q�����/�¶�$�O�O�H�P�D�J�Q�H��

est un pays où la méthanisation repose en grande partie sur les cultures énergétiques. Cette pratique pose 

�G�H�V���T�X�H�V�W�L�R�Q�V���V�X�U���O�¶�X�V�D�J�H���G�H�V���W�H�U�U�H�V���D�J�U�L�F�R�O�Hs et la concurrence avec les productions alimentaires et a été 

montrée �F�R�P�P�H�� �P�R�L�Q�V�� �S�H�U�I�R�U�P�D�Q�W�H�� �G�¶�X�Q�� �S�R�L�Q�W�� �G�H�� �Y�X�H�� �H�Q�Y�L�U�R�Q�Q�H�P�H�Q�W�D�O�� �T�X�H�� �O�¶�X�W�L�O�L�V�D�W�L�R�Q�� �G�H�� �G�p�F�K�H�W�V��

(Hamelin et al., 2014). En France, cette pratique est proscrite et un méthaniseur ne peut pas utiliser plus 

de 15% de cultures principales dédiées dans ses intrants (Décret n° 2016-929 du 7 juillet 2016 pris pour 

l'application de l'article L. 541-39 du code de l'environnement). Cependant, il y a un développement de 

�O�¶�X�W�L�O�L�V�D�W�L�R�Q���G�H��CIVE destinées à être méthanisées�����G�R�Q�W���O�¶�H�I�I�H�W��de leur incorporation dans les systèmes 

de cultures est en �F�R�X�U�V���G�¶�p�W�X�G�H, par exemple en terme de stockage de C, de services associés aux cultures 

intermédiaires ou de consommation éventuelle de ressources. Ces interrogations sont visibles entre 

autres �S�D�U���O�¶�D�X�J�P�H�Q�W�D�W�L�R�Q���G�H�V���D�U�W�L�F�O�H�V���G�H���S�U�H�V�V�H���W�U�Ditant le sujet de la méthanisation durant ces dernières 

années. �,�O���H�V�W���Q�p�F�H�V�V�D�L�U�H���G�¶�p�W�X�G�L�H�U���F�H�V���T�X�H�V�W�L�R�Q�V���S�R�X�U���L�G�H�Q�W�L�I�L�H�U���O�H�V���U�L�V�T�X�H�V���H�W���O�H�V���P�L�Q�L�P�L�V�H�U�����G�D�Q�V���O�H���E�X�W��

�G�H���S�U�R�P�R�X�Y�R�L�U���X�Q�H���P�p�W�K�D�Q�L�V�D�W�L�R�Q���Y�H�U�W�X�H�X�V�H���S�R�X�U���O�¶�H�Q�Y�L�U�R�Q�Q�H�P�H�Q�W���H�W���O�D���V�R�F�L�p�W�p�� 
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I.6 Cadre de la thèse 
Cette première section a permis de mettre en évidence la diversité des procédés de méthanisation. Dans 

le cadre de cette thèse, nous nous intéresserons à une implémentation particulière de la méthanisation : 

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

localement. �,�O���V�¶�D�J�L�W���G�¶�X�Q�H���P�R�G�D�O�L�W�p���G�H���P�p�W�K�D�Q�L�V�D�W�L�R�Q���T�X�L���D���V�X�V�F�L�W�p���X�Q���S�U�R�J�U�D�P�P�H���G�H���G�p�Y�H�O�R�S�S�H�P�H�Q�W��

�L�P�S�R�U�W�D�Q�W�����H�W���T�X�L���V�¶�H�V�W���I�R�U�W�H�P�H�Q�W���G�p�Y�H�O�R�S�S�pe en France depuis 2012. Les systèmes basés spécifiquement 

sur la méthanisation de déchets non agricoles, ou ceux utilisant de façon importante des CIVE ne seront 

pas abordés. La méthanisation touche trois secteurs économiques �����O�D���S�U�R�G�X�F�W�L�R�Q���G�¶�p�Q�H�U�J�L�H�����O�H���W�U�D�L�W�H�P�H�Q�W��

�G�H�V���G�p�F�K�H�W�V�����O�¶�D�J�U�L�F�X�O�W�X�U�H����Les questions s�X�U���O�D���S�U�R�G�X�F�W�L�R�Q���G�¶�p�Q�H�U�J�L�H�����T�X�L���H�V�W���X�Q���G�H�V���E�X�W�V���S�U�L�Q�F�L�S�D�X�[���G�H��

la méthanisation, �Q�¶�H�V�W��pas au centre de cette thèse. En effet, notre centre �G�¶�L�Q�W�p�U�r�W��est �O�¶�D�V�S�H�F�W��

agronomique de la méthanisation agricole, �H�Q�� �S�D�U�W�L�F�X�O�L�H�U�� �O�D�� �J�H�V�W�L�R�Q�� �H�W�� �O�¶�p�S�D�Q�G�D�J�H�� �G�H�V�� �G�L�J�H�V�W�D�Ws au 

champ. �0�D�O�J�U�p���F�H���S�p�U�L�P�q�W�U�H���G�p�M�j���U�H�V�W�U�H�L�Q�W�����W�R�X�V���O�H�V���H�I�I�H�W�V���G�H���O�¶�p�S�D�Q�G�D�J�H���G�H���G�L�J�H�V�W�D�Ws ne peuvent pas être 

étudiés. Nous nous concentrons dans cette thèse sur les effets de la méthanisation liés aux cycles du C 

et du N à la ferme. Ces deux éléments jouent un rôle de premier plan dans la performance 

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

�G�¶�L�Q�W�p�U�r�W : émissions de GES, dépendance aux ressources renouvelables, �p�P�L�V�V�L�R�Q�V�� �G�¶�D�P�P�R�Q�L�D�F����

lixiviation de nitrates, fertilité des sols. Ces deux cycles biogéochimiques sont également très liés en 

agriculture (Guenet et al., 2021). Pour prendre en compte les effets de la méthanisation �S�D�U���O�¶�L�P�S�R�U�W���G�H��

nutriments via les co-substrats �V�X�U���O�¶�p�S�D�Q�G�D�J�H���G�H�V���S�U�R�G�X�L�W�V et sur les changements induits dans la gestion 

des effluents �G�¶�p�O�H�Y�D�J�H, nous �F�R�Q�V�L�G�p�U�R�Q�V�� �O�¶�p�F�K�H�O�O�H�� �G�X�� �P�p�W�K�D�Q�L�V�H�X�U�� �H�W�� �G�H�� �O�¶�H�[�S�O�R�L�W�D�W�L�R�Q�� �D�J�U�L�F�R�O�H 

���K�R�U�P�L�V���O�¶�D�F�W�L�Y�L�W�p���G�¶�p�O�H�Y�D�J�H���H�Q���H�O�O�H-même). 

La thèse traite donc �O�D���T�X�H�V�W�L�R�Q���G�H���O�¶�L�Q�W�U�R�G�X�F�W�L�R�Q���G�¶�X�Q���P�p�W�K�D�Q�L�V�H�X�U dans une exploitation en polyculture 

élevage sur les cycles du C et de N. Pour cela, nous allons utiliser des expérimentations au champ et au 

laboratoire. Dans un deuxième temps, ces expériences vont permettre de valider �G�H�X�[���P�R�G�q�O�H�V�����'�¶�D�E�R�U�G����

le modèle sol-plante STICS (Brisson et al., 2008) permet de simuler la croissance des cultures et les 

cycles du C et de N au champ, incluant les pertes azotées �Y�H�U�V�� �O�¶�H�Q�Y�L�U�R�Q�Q�H�P�H�Q�W��(ammoniac, N2O, 

nitrates). Nous évaluons ici la capacité de STICS à simuler une rotation culturale fertilisée avec des 

digestats. Ensuite, le modèle de méthanisation SYS-Metha (Bareha et al., 2021b) permet de prédire la 

production de biogaz, les caractéristiques des digestats et les émissions gazeuses durant leur stockage. 

Le modèle est paramétré sur le �F�D�V���G�¶�p�W�X�G�H���G�X���P�p�W�K�D�Q�L�V�H�X�U���L�Q�V�W�D�O�O�p���V�X�U���O�¶�H�[�S�O�R�L�W�D�W�L�R�Q���,�1�5�$�(���G�X���F�H�Q�W�U�H��

de Nouzilly. Enfin, ces deux modèles sont couplés pour faire un bilan des cycles biogéochimiques du C 

et de �1���j���O�¶�p�F�K�H�O�O�H���G�H���O�¶�H�[�S�O�R�L�W�D�W�L�R�Q���D�J�U�L�F�R�O�H�����8�Q���I�R�F�X�V��particulier est aussi fait sur la vie du sol à travers 

le cas des vers de terre. La thèse débute par une synthèse bibliographique qui amène à la problématique 

et aux objectifs détaillés de la thèse. 
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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 matières organiques �G�¶�R�U�L�J�L�Q�H résiduaire 

(déchets ou sous-produits) valorisées en agriculture pour augmenter la fertilité des sols. Les PRO 

peuvent être �G�¶�R�U�L�J�L�Q�H���H�W��de natures très variées. On peut citer quelques grandes familles de PRO : les 

�H�I�I�O�X�H�Q�W�V���G�¶�p�O�H�Y�D�J�H�V�����O�L�V�L�H�U�V�����I�X�P�L�H�U�V�������O�H�V���3�5�2���G�¶�R�U�L�J�L�Q�H���X�U�E�D�L�Q�H����composts ou digestats de biodéchets, 

de déchets verts���� �E�R�X�H�V�� �G�¶�p�S�X�U�D�W�L�R�Q), l�H�V�� �3�5�2�� �G�¶�R�U�L�J�L�Q�H�� �L�Q�G�X�V�W�U�L�H�O�O�H�� ���Y�L�Q�D�V�V�H���� �P�D�U�F�V�«�� ; ils peuvent 

�D�Y�R�L�U�� �V�X�E�L�� �G�L�I�I�p�U�H�Q�W�V�� �W�U�D�L�W�H�P�H�Q�W�V�� �D�Y�D�Q�W�� �O�H�X�U�� �p�S�D�Q�G�D�J�H�� ���F�R�P�S�R�V�W�D�J�H���� �P�p�W�K�D�Q�L�V�D�W�L�R�Q���� �S�\�U�R�O�\�V�H�«�� 

(Houot et al., 2014). Traités ou non traités, les PRO peuvent être épandus au champ, pour y apporter des 

�p�O�p�P�H�Q�W�V���G�¶�L�Q�W�p�U�r�W�V : de la matière organique et des nutriments (azote N, phosphore P, et potassium K 

entre autres). �/�¶�X�W�L�O�L�V�D�W�L�R�Q���G�H�V���3�5�2���D�X���F�K�D�P�S���S�H�U�P�H�W���G�R�Q�F���G�¶�D�X�J�P�H�Q�W�H�U���O�D���I�H�U�W�L�O�L�W�p���G�H�V���V�R�O�V���H�W���G�H���U�H�F�\�F�O�H�U��

des nutriments, pour diminuer les besoins en engrais de synthèse ou �G�¶�R�U�L�J�L�Q�H���I�R�V�V�L�O�H. Ils sont une des 

sources principales de nutriments en agriculture biologique. Pour les agriculteurs, les raisons principales 

�G�¶�X�W�L�O�L�V�D�W�L�R�Q���G�H�V���3�5�2���V�R�Q�W���X�Q�H���D�X�J�P�H�Q�W�D�W�L�R�Q���G�H���O�D���I�H�U�W�L�O�L�W�p���G�H�V���V�R�O�V�����W�H�Q�H�X�U���H�Q���P�D�Wière organique du sol, 

�V�W�U�X�F�W�X�U�H���� �H�W�� �O�¶�D�S�S�R�U�W�� �G�H�� �Q�X�W�U�L�P�H�Q�W�V���� �/�D�� �G�L�V�S�R�Q�L�E�L�O�L�W�p�� �H�W�� �O�H�� �S�U�L�[�� �V�R�Q�W�� �G�H�V�� �F�U�L�W�q�U�H�V�� �L�P�S�R�U�W�D�Q�W�V�� �j�� �O�H�X�U��

�X�W�L�O�L�V�D�W�L�R�Q�� �R�X�� �Q�R�Q���� �¬�� �O�¶�L�Q�Y�H�U�V�H���� �O�H�V�� �S�U�L�Q�F�L�S�D�O�H�V�� �E�D�U�U�L�q�U�H�V�� �V�R�Q�W�� �O�H�V�� �F�R�Q�W�U�D�L�Q�W�H�V�� �W�H�F�K�Q�L�T�X�H�V�� �G�¶�p�S�D�Q�G�D�J�H��

(logistique, temps de travail, portance des sols), �O�¶�L�Q�F�H�U�W�L�W�X�G�H�� �V�X�U�� �O�H�V�� �W�H�Q�H�X�U�V�� �H�Q�� �Q�X�W�U�L�P�H�Q�W�V�� �T�X�L��

complexifie le pilotage �G�H���O�D���I�H�U�W�L�O�L�V�D�W�L�R�Q�����O�¶�p�P�L�V�V�L�R�Q �G�H���P�D�X�Y�D�L�V�H�V���R�G�H�X�U�V���S�R�X�U���O�H�V���U�L�Y�H�U�D�L�Q�V�����H�W���O�¶�H�Q�Y�L�H��

de ne pas prendre le risque de contaminer les sols avec des éléments provenant des déchets, en particulier 

pour les �3�5�2���G�¶�R�U�L�J�L�Q�H���X�U�E�D�L�Q�H��(Case et al., 2017; Moinard et al., 2021). 

Les différents PRO ont des caractéristiques physico-chimiques très variées. La première caractéristique 

est leur teneur en matière sèche : les PRO liquides ne sont pas épandus de la même façon que les PRO 

solides. Les PRO sont plus ou moins riches en matière organique. On considère que la matière organique 

des PRO est composée environ pour moitié de carbone C (en masse). Cette matière organique va être 

plus ou moins riche en azote organique (Norg), ce qui est mesuré par le rapport C/Norg. En plus de ce 

�1���R�U�J�D�Q�L�T�X�H�����O�H�V���3�5�2���S�H�X�Y�H�Q�W���F�R�Q�W�H�Q�L�U���S�O�X�V���R�X���P�R�L�Q�V���G�¶�D�]�R�W�H���V�R�X�V���I�R�U�P�H���P�L�Q�p�U�D�Oe (souvent du NH4+ 

dissous ou adsorbé, ou des nitrates dans le cas de composts), facilement utilisable par les plantes. Les 

teneurs en autres nutriments ���3�����.�����&�D���«����peuvent varier. Des exemples de caractéristiques sont données 

dans le Tableau 1.1. 
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Tableau 1.1 �± Caractéristiques types de quelques PRO courants. Ces caractéristiques pourront être 

comparées à celles des digestats. ���&�K�D�P�E�U�H���G�¶�D�J�U�L�F�X�O�Wure de Région Île-de-France, 2018; Gutser et al., 

2005; Houot et al., 2014; Levasseur et al., 2019; Levavasseur et al., 2021a). 

 Lisier bovin Fumier bovin Compost de 
déchets verts 

Boue de STEP 
(épaissie, chaulée) 

Fientes de 
volaille 

MS 
(%MB) 

3 �± 11 14 �± 30 36 �± 75 20 �± 30 40 �± 85 

MO 
(%MB) 

4 �± 8 14 �± 18 16 �± 33 8 �± 17 24 �± 63 

N total 
(g kgMB-1) 

1 �± 5 4 �± 7 6 �± 10 8 �± 13 22 �± 46 

N ammoniacal 
(g kgMB-1) 

0,5 �± 2,5 0,5 �± 1,5 0 �± 0,5 0,0 �± 0,1 3 �± 10 

N ammoniacal 
(% N total) 

40 �± 60 5 �± 20 ~ 0 0 �± 3 10 

C/N 5 �± 9 10 �± 15 9 �± 45 6 �± 12 8 
P (g kgMB-1) 0,2 �± 0,9 0,4 �± 2,2 1,4 �± 2,6 2,3 �± 9,6 9 �± 18 
K (g kgMB-1) 1,1 �± 3,6 2,8 �± 8,5 2,4 �± 7,8 0,3 �± 1,6 9 �± 20 

ISMO 45 �± 57 46 �± 62 73 �± 87 32 �± 66 6 �± 48 
Keq 5 �± 50% 5 �± 30% ~ 0% ~ 10% 10 �± 60% 

MS : matière sèche. MB : matière brute. MO : matière organique. Keq ���� �F�R�H�I�I�L�F�L�H�Q�W�� �G�¶�p�T�X�L�Y�D�O�H�Q�F�H��

engrais. ISMO : indice de stabilité de la matière organique. 

 

 

 

Figure 1.1 �± Présentation de différents PRO, classés selon leurs propriétés amendantes ou fertilisantes. 

Extrait de Houot et al. (2014). TMB : tri mécano-biologique. 
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Houot et al. (2014) ont proposé de classer les PRO en deux catégories, selon leur utilité et leurs effets 

au champ (Figure 1.1). Les PRO fertilisants apportent �G�H���O�¶�D�]�R�W�H���S�R�X�Y�D�Q�W��être valorisé à court terme par 

les plantes. Les PRO fertilisants vont pouvoir se substituer aux engrais de synthèse. Ils sont en général 

riches en azote minéral, une forme assimilable rapidement par les plantes. Les PRO fertilisants incluent, 

entre autres, les lisiers, les fientes de volailles, les digestats liquides. Les PRO amendants sont des PRO 

plus riches en matière organique�����T�X�L���Y�R�Q�W���S�D�U�W�L�F�L�S�H�U���j�� �O�¶�D�X�J�P�H�Q�W�D�W�L�R�Q���G�H���O�D���P�D�W�L�q�U�H���R�U�J�D�Q�L�T�X�H��du sol 

(MOS), ce qui va contribuer à améliorer la fertilité physique (amélioration de la structure, diminution 

de la densité apparente) et chimique (fourniture en azote accrue, plus grandes réserves de P et K) du sol 

après des apports répétés à long terme (plusieurs années). Les PRO amendants incluent les composts, 

les fumiers, les digestats solides. 

 

1.1.2 Étude de la valeur fertilisante des PRO 

En France, les besoins des plantes en �W�H�U�P�H�� �G�H�� �Q�X�W�U�L�P�H�Q�W�V�� �V�R�Q�W�� �H�Q�� �S�U�H�P�L�H�U�� �O�L�H�X�� �O�L�p�� �j�� �O�¶�D�]�R�W�H���� �S�X�L�V�� �j��

�G�¶�D�X�W�U�H�V���Q�X�W�U�L�P�H�Q�W�V�����3�����.�����6�������1�R�X�V���Q�R�X�V���F�R�Q�F�H�Q�W�U�R�Q�V���L�F�L���V�X�U���O�D���Y�D�O�H�X�U���I�H�U�W�L�O�L�V�D�Q�W�H���D�]�R�W�p�H���G�H�V���3�5�2�����F�D�U��

�O�¶�D�]�R�W�H���H�V�W���O�¶�p�O�p�P�H�Q�W���T�X�L���Q�R�X�V���L�Q�W�p�U�H�V�V�H���G�D�Q�V���F�H�W�W�H���W�K�q�V�H��  

La valeur fertilisante azotée �G�H�V���3�5�2���S�H�X�W���V�H���G�p�I�L�Q�L�U���F�R�P�P�H���O�D���F�D�S�D�F�L�W�p���G�H�V���3�5�2���j���D�S�S�R�U�W�H�U���G�H���O�¶�D�]�R�W�H��

pour la croissance des plantes et donc à se substituer aux engrais azotés de synthèse. On la mesure 

souvent grâce à des expériences au champ�����H�Q���F�R�P�S�D�U�D�Q�W���O�¶�D�E�V�R�U�S�W�L�R�Q���G�¶�D�]�R�W�H���S�D�U���X�Q�H���F�X�O�W�X�U�H���T�X�L���Q�¶�H�V�W��

pas fertilisée, avec celle �G�¶�X�Q�H�� �F�X�O�W�X�U�H�� �I�H�U�W�L�O�L�V�p�H���� �/�H��Coefficient �$�S�S�D�U�H�Q�W�� �G�¶�8�W�L�O�L�V�D�W�L�R�Q ���&�$�8���� �G�¶�X�Q��

�H�Q�J�U�D�L�V���H�V�W���G�p�I�L�Q�L���F�R�P�P�H���O�H���U�D�S�S�R�U�W���H�Q�W�U�H���O�¶�D�]�R�W�H���V�X�S�S�O�p�P�H�Q�W�D�L�U�H���D�E�V�R�U�E�p�H���S�D�U���O�D���F�X�O�W�X�U�H���I�H�U�W�L�O�L�V�p�H�����G�L�Y�L�V�p��

�S�D�U�� �O�¶�D�]�R�W�H�� �W�R�W�D�O�� �D�S�S�R�U�W�p�� �S�D�U�� �O�¶�H�Q�J�U�D�L�V���� �(�Q�� �D�Q�J�O�D�L�V���� �R�Q�� �S�D�U�O�H�� �G�H��Nitrogen use efficiency (NUE) ou de 

apparent N recovery (ANR)���� �3�O�X�V�� �O�H�� �&�$�8�� �H�V�W�� �p�O�H�Y�p���� �S�O�X�V�� �O�D�� �F�X�O�W�X�U�H�� �D�� �X�W�L�O�L�V�p���H�I�I�L�F�D�F�H�P�H�Q�W�� �O�¶�D�]�R�W�H�� �G�H��

�O�¶�H�Q�J�U�D�L�V�����2�Q���S�H�X�W���H�Q�V�X�L�W�H���G�p�I�L�Q�L�U���O�H���F�R�H�I�I�L�F�L�H�Q�W���G�¶�p�T�X�L�Y�D�O�H�Q�F�H���H�Q�J�U�D�L�V��(Keq�����G�¶�Xn PRO comme le rapport 

�H�Q�W�U�H���O�H���&�$�8���G�H���F�H���3�5�2���H�W���O�H���&�$�8���G�¶�X�Q���H�Q�J�U�D�L�V���D�]�R�W�p���G�H���V�\�Q�W�K�q�V�H���G�H���U�p�I�p�U�H�Q�F�H�����6�L���X�Q���O�L�V�L�H�U���S�R�V�V�q�G�H���X�Q��

Keq �G�H�� ���������� �F�H�O�D�� �V�L�J�Q�L�I�L�H�� �T�X�¶�X�Q�� �D�S�S�R�U�W�� �G�H���������� �N�J�1�� �K�D-1 avec ce lisier sera équivalent à un apport de 

50 kgN ha-1 avec des engrais de synthèse. En anglais, on parle de mineral fertilizer equivalence (MFE), 

ou encore de Nitrogen fertilizer replacement value (NFRV). Le pouvoir fertilisant azoté des PRO peut 

être très faible (Keq proche de 0%, composts) à très fort (Keq proche de 100%, certaines fientes ou 

�S�U�R�G�X�L�W���j���E�D�V�H���G�¶�X�U�L�Q�H) (Tableau 1.1). Les valeurs de Keq dépendent des PRO, mais aussi du climat, de 

la culture, de la période et du �P�R�G�H���G�¶�D�S�S�R�U�W. 

Les processus associés à la fertilisation avec les PRO sont présentés sur la Figure 1.2. La valeur 

fertilisante azotée des PRO �H�V�W�� �G�¶�D�E�R�U�G�� �O�L�pe à leur teneur en azote ammoniacal (NH4
+, urée) 

(Gutser et al., 2005), qui est rapidement nitrifié (transformation sous forme de nitrate) puis utilisable par 

les plantes au champ. Cet azote ammoniacal est sujet à de la volatilisation sous forme d�¶�D�P�P�R�Q�L�D�F�����X�Q��

polluant atmosphérique, ce qui peut fortement limiter la valeur fertilisante des PRO (Frost et al., 1990). 



  Chapitre 1 
 

29 
 

�¬���W�L�W�U�H���G�¶�H�[�H�P�S�O�H�����O�D���Y�R�O�D�W�L�O�L�V�D�W�L�R�Q���G�H�V���O�L�V�L�H�Us concerne en général 15 à 20% �H�W���M�X�V�T�X�¶�j�������������G�H���O�¶�D�]�R�W�H 

ammoniacal apporté (Hafner et al., 2018). Enfin, lorsque la matière organique des PRO est décomposée 

�S�D�U���O�H�V���R�U�J�D�Q�L�V�P�H�V���G�X���V�R�O�������O�¶�D�]�R�W�H���R�U�J�D�Q�L�T�X�H���S�H�X�W���rtre minéralisé (minéralisation) ou, �j���O�¶�L�Q�Y�H�U�V�H, �O�¶�D�]�R�W�H��

�P�L�Q�p�U�D�O�� �S�H�X�W�� �r�W�U�H�� �R�U�J�D�Q�L�V�p�� ���L�P�P�R�E�L�O�L�V�D�W�L�R�Q������ �j�� �O�¶�p�F�K�H�O�O�H�� �G�H�� �T�X�H�O�T�X�H�V�� �P�R�L�V���� �Fe qui influence la valeur 

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

différences �G�¶�H�I�I�H�W����Un rapport C/N faible des PRO est statistiquement associé à une forte minéralisation 

�G�¶�D�]�R�W�H�����'�H�O�L�Q���H�W���D�O��������012). La caractérisation de ce phénomène se fait souvent grâce à des incubations 

au laboratoire : les PRO sont mélangés à du sol dans des conditions contrôlées �H�W���O�¶�R�Q���V�X�L�W���O�¶�D�X�J�P�H�Q�W�D�W�L�R�Q��

���P�L�Q�p�U�D�O�L�V�D�W�L�R�Q�����R�X���O�D���G�L�P�L�Q�X�W�L�R�Q�����L�P�P�R�E�L�O�L�V�D�W�L�R�Q�����G�H���O�¶�D�]�R�W�H���P�L�Q�p�U�Dl du sol au cours du temps (Aoyama 

and Nozawa, 1993). Ces résultats en laboratoire peuvent ensuite être extrapolés au champ, grâce à des 

�P�R�G�q�O�H�V���S�D�U���H�[�H�P�S�O�H�����/�¶�L�P�P�R�E�L�O�L�V�D�W�L�R�Q���R�X���O�D���P�L�Q�p�U�D�O�L�V�D�W�L�R�Q���j���O�¶�p�F�K�H�O�O�H���G�¶�X�Q�H���D�Q�Q�p�H���F�R�Q�F�H�U�Q�H���H�Q���J�p�Q�p�U�D�O��

entre 0% et 50% �G�H���O�¶�D�]�R�W�H���R�U�J�D�Q�L�T�X�H���D�S�S�R�U�W�p��(Levavasseur et al., 2021a). 

Comme pour tous les engrais azotés, les apports de PRO peuvent être �V�X�L�Y�L�V�� �G�¶émissions de N2O 

(Zhou et al., 2017) ou de lixiviation de nitrate (NO3-) (Basso and Ritchie, 2005) (Figure 1.2). Cela 

�V�¶�H�[�S�O�L�T�X�H���H�Q�W�U�H���D�X�W�U�Hs par la difficulté �G�¶�D�M�X�V�W�H�U���O�H�V���G�R�V�H�V���G�¶�D�S�S�R�U�W�����j���F�D�X�V�H���G�H���O�D���Y�D�U�L�D�E�L�O�L�W�p���G�H�V���3�5�2���H�W��

�G�H�V���F�R�Q�W�U�D�L�Q�W�H�V���G�¶�p�S�D�Q�G�D�J�H : il y a donc un risque de surferti�O�L�V�D�W�L�R�Q���R�X���G�¶�D�S�S�R�U�W���G�¶�D�]�R�W�H���H�Q���G�H�K�R�U�V���G�H�V��

périodes de besoins des plantes. 

 

 

Figure 1.2 �± �(�I�I�H�W�V���G�H���O�¶�p�S�D�Q�G�D�J�H���G�H���3�5�2���j���F�R�X�U�W���W�H�U�P�H���������D�Q�����V�X�U���O�H�V���F�\�F�O�H�V���G�X���&���H�W���G�X���1���G�X���V�R�O�����H�I�I�H�W��

fertilisant) 
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1.1.3 Étude de la valeur amendante des PRO 

Des essais au champ à long terme ont montré des aspects positifs liés à des apports répétés de PRO à 

long terme sur la qualité des sols (pouvoir amendant). Lors de leur épandage, les PRO apportent de la 

matière organiqu�H���D�X���F�K�D�P�S�����G�R�Q�W���X�Q�H���S�D�U�W�L�H���H�V�W���P�L�Q�p�U�D�O�L�V�p�H���H�W���p�P�L�V�H���G�D�Q�V���O�¶�D�W�P�R�V�S�K�q�U�H���V�R�X�V���I�R�U�P�H���G�H��

CO2 (Figure 1.3). Contrairement au CO2 issu de la combustion de ressources fossiles, Ce CO2 est dit 

�E�L�R�J�p�Q�L�T�X�H�����F�D�U���O�H���F�D�U�E�R�Q�H���H�V�W���L�V�V�X���G�H���P�D�W�L�q�U�H���E�L�R�O�R�J�L�T�X�H���H�W���G�R�Q�F���F�D�S�W�p���j���O�¶�R�U�L�J�L�Q�H���G�D�Q�V���O�¶�D�W�P�R�V�S�K�q�U�H���S�D�U��

photosynthèse. Ces émissions ne sont donc pas considérées comme des émissions de GES. Une partie 

�G�H���O�D���P�D�W�L�q�U�H���R�U�J�D�Q�L�T�X�H���S�H�X�W���V�¶�L�Q�W�p�J�U�H�U���S�O�X�V���G�X�U�D�E�O�H�P�H�Q�W���G�D�Q�V���O�H���V�R�O����Cette augmentation des entrées de 

C dans le sol va �S�U�R�P�R�X�Y�R�L�U�� �O�¶�D�X�J�P�H�Q�W�D�W�L�R�Q�� �G�H�V�� �V�W�R�F�N�V�� �G�H��C du sol (Chenu et al., 2019). Ainsi, les 

apports répétés de PRO augmentent la matière organique du sol (MOS) (Bhogal et al., 2018; Diacono 

and Montemurro, 2010; Edmeades, 2003; Haynes and Naidu, 1998; Maillard and Angers, 2014; Maltas 

et al., 2018; Zavattaro et al., 2017), ce qui se traduit par une augmentation de la fertilité physique des 

sols. Les indicateurs les plus consensuels �V�R�Q�W���O�D���G�L�P�L�Q�X�W�L�R�Q���G�H���O�D���G�H�Q�V�L�W�p���D�S�S�D�U�H�Q�W�H�����H�W���O�¶�D�X�J�P�H�Q�W�D�W�L�R�Q��

�G�H���O�D���V�W�D�E�L�O�L�W�p���G�H�V���D�J�U�p�J�D�W�V�����P�D�L�V���G�¶�D�X�W�U�H�V���E�p�Q�p�I�L�F�H�V���R�Q�W���S�D�U�I�R�Ls été notés : amélioration des propriétés 

hydriques du sol (rétention en eau, conductivité hydraulique), augmentation de la porosité du sol, 

�D�X�J�P�H�Q�W�D�W�L�R�Q���G�H���O�D���F�D�S�D�F�L�W�p���G�¶�p�F�K�D�Q�J�H�V���F�D�W�L�R�Q�L�T�X�H�V�����&�(�&�������G�L�P�L�Q�X�W�L�R�Q���G�H���O�D���F�U�R�€�W�H���G�H���E�D�W�W�D�Q�F�H��(Annabi 

et al., 2011; Bhogal et al., 2018; Diacono and Montemurro, 2010; Edmeades, 2003; Haynes and Naidu, 

1998; Oldfield et al., 2018; Sadet-Bourgeteau et al., 2018). Les apports de PRO augmentent aussi les 

teneurs en nutriments du sol comme le N, le P et le K (Bhogal et al., 2018; Sadet-Bourgeteau et al., 

2018). Les apports de PRO répétés à long terme peuvent aussi favoriser la biomasse microbienne 

(Bhogal et al., 2018; Sadet-Bourgeteau et al., 2018), ainsi que la mésofaune du sol ���'�¶�+�R�V�H���H�W���D�O����������������. 

�/�¶�D�X�J�P�H�Q�W�D�W�L�R�Q���G�H���O�D���0OS augmente la fourniture en azote par le sol (Bhogal et al., 2018; Diacono and 

�0�R�Q�W�H�P�X�U�U�R���� �������������� �(�Q�� �F�R�Q�V�p�T�X�H�Q�F�H���� �R�Q�� �S�H�X�W�� �F�R�Q�V�L�G�p�U�H�U�� �T�X�H�� �O�¶�H�I�I�L�F�D�F�L�W�p�� �I�H�U�W�L�O�L�V�D�Q�W�H�� �D�]�R�W�p�H�� �G�H�V�� �3�5�2��

�D�X�J�P�H�Q�W�H�� �O�R�U�V�� �G�¶�D�S�S�R�U�W�V�� �U�p�S�p�W�ps à long terme (Gómez-Muñoz et al., 2017 ; Gutser et al., 2005). La 

séquestration de C dans la MOS est vue comme une émission négative de GES ; cependant, dans le cas 

�G�H�V�� �3�5�2���� �F�H�O�D�� �F�R�Q�F�H�U�Q�H�� �X�Q�L�T�X�H�P�H�Q�W�� �O�¶�X�W�L�O�L�V�D�W�L�R�Q�� �G�H���Q�R�X�Y�H�O�O�H�V�� �P�D�W�L�q�U�H�V�� �R�U�J�D�Q�L�T�X�H�V�� �T�X�L�� �Q�¶�p�W�D�L�W�� �S�D�V��

valorisées au champ ailleurs auparavant (Powlson et al., 2011). 

Le potentiel des PRO à augmenter la teneur en matière organique du sol est corrélée à la quantité de 

�F�D�U�E�R�Q�H���D�S�S�R�U�W�p�H���D�X���V�R�O�����0�D�O�W�D�V���H�W���D�O���������������������D�L�Q�V�L���T�X�¶�j��la récalcitrance de cette matière organique. En 

effet, la proportion de C apporté qui est incorporée à la MOS diffère en fonction des PRO. On distingue 

la matière organique labile des PRO, qui est minéralisée rapidement et émise sous forme de CO2, et la 

matière organique récalcitrante, qui restera dans le sol plus longtemp�V�����S�D�U���H�[�H�P�S�O�H�����S�O�X�V���G�¶�X�Q���D�Q���� La 

�S�U�R�S�R�U�W�L�R�Q���G�H���&���U�p�F�D�O�F�L�W�U�D�Q�W���G�¶�X�Q���3�5�2���H�V�W���V�R�X�Y�H�Q�W���H�V�W�L�P�pe avec des incubations de mélange sol-PRO en 

laboratoire. Il est ainsi possible de suivre les émissions de CO2 au cours du temps et le C apporté qui 

reste au sol est considéré récalcitrant. Les PRO peuvent avoir en général 20% (faible pouvoir amendant) 

à 100% (très fort pouvoir amendant) de leur matière organique qui est récalcitrante 
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(Levavasseur et al., 2021a). Pour faciliter la détermination du pouvoir amendant des PRO, des analyses 

basées sur des fractionnements biochimiques sont utilisées. Elles permettent par exemple 

�O�¶�p�W�D�E�O�L�V�V�H�P�H�Q�W���G�¶�L�Q�G�L�F�D�W�H�X�U�V���F�R�P�P�H���O�¶�,�6�0�2�����,�Q�G�L�F�H���G�H���6�W�D�E�L�O�L�W�p���G�H���O�D���0�D�W�L�q�U�H���2�U�J�D�Q�L�T�X�H�������H�Q���D�Q�J�O�D�Ls 

IROC : Indice of recalcitrant organic carbon) (Lashermes et al., 2009). �/�¶�,�6�0�2�� �H�V�W�� �X�Q�� �S�U�p�G�L�F�W�H�X�U�� �G�X��

pourcentage de matière organique récalcitrante, plus il est élevé, plus le PRO aura un bon pouvoir 

amendant. La connaissance de la récalcitrance de la matière organique �G�H�V���3�5�2���S�H�U�P�H�W���H�Q�V�X�L�W�H���G�¶�p�Y�D�O�X�H�U��

leur effet amendant à long terme grâce à des modèles (Mondini et al., 2017; Peltre et al., 2012). 

 

 

Figure 1.3 �± �(�I�I�H�W�V���G�¶�p�S�D�Q�G�D�J�H�V���U�p�S�p�W�p�V���G�H���3�5�2���j���O�R�Q�J���W�H�U�P�H�����������D�Q�V�����V�X�U���O�H���F�\�F�O�H���G�X���&���H�W���G�X���1���G�X���V�R�O��

(effet amendant). 

 

 

1.1.4 Les digestats parmi les PRO 

De nombreuses études et essais au champ à long terme ont contribué à améliorer la connaissance et la 

gestion des PRO �G�H�S�X�L�V�� �S�O�X�V�L�H�X�U�V�� �G�L�]�D�L�Q�H�V�� �G�¶�D�Q�Q�p�H�V���� �H�Q�� �S�D�U�W�L�F�X�O�L�H�U���H�Q�� �F�H�� �T�X�L�� �F�R�Q�F�H�U�Q�H�� �O�H�V�� �H�I�I�O�X�H�Q�W�V��

�G�¶�p�O�H�Y�D�J�H�� �H�W les composts (Bhogal et al., 2018; Diacono and Montemurro, 2010; Edmeades, 2003; 

Haynes and Naidu, 1998; Maltas et al., 2018; Zavattaro et al., 2017). Les digestats, utilisés de manière 

�L�P�S�R�U�W�D�Q�W�H���S�O�X�V���U�p�F�H�P�P�H�Q�W�����Q�¶�R�Q�W���S�D�V���H�Q�F�R�U�H���p�W�p���p�W�X�G�L�ps avec le même recul. 



  Chapitre 1 
 

32 
 

Les digestats peuvent avoir des caractéristiques très variées (Tableau 1.2). Pendant la digestion 

anaérobie, de la matière organique est minéralisée. Du C est exporté sous forme de biogaz, et la matière 

organique résiduelle est plus stable après digestion�����&�R�Q�F�H�U�Q�D�Q�W���O�¶�D�]�R�W�H�����X�Q�H���S�D�U�W�L�H���G�H���O�¶�D�]�R�W�H���R�U�J�D�Q�L�T�X�H��

est minéralisée. Les digestats �L�V�V�X�V���G�¶�H�I�I�O�X�H�Q�Ws �G�¶�p�O�H�Y�D�J�H��ont ainsi un rapport C/N plus faible et un ratio 

azote minéral/azote organique plus fort que les effluents non digérés (Möller and Müller, 2012). 

Néanmoins, les autres intrants vont apporter des nutriments et vont affecter la composition des digestats 

(Guilayn et al., 2019a). Les digestats bruts issus de voies humides sont liquides, avec des teneurs en 

matière sèche variant entre 2 et 10%, assez semblables à des lisiers (Beggio et al., 2019; Guilayn et al., 

2019a; Houot et al., 2014; Stürmer et al., 2020). Les digestats issus de méthanisation en voie sèche (plus 

rare) seront plus pâteux ou solides. 

La séparation de phase des digestats est fréquente. On appellera par la suite digestat brut le digestat 

�Q�¶�D�\�D�Q�W�� �S�D�V�� �V�X�E�L�� �G�H�� �V�p�S�D�U�D�W�L�R�Q�� �G�H�� �S�K�D�V�H���� �$�S�U�q�V�� �V�p�S�D�U�D�W�L�R�Q�� �G�H�� �S�K�D�V�H���� �O�D�� �S�K�D�V�H�� �O�L�T�X�L�G�H�� �H�V�W�� �G�p�Q�R�P�P�p�H��

digestat liquide, et la phase solide digestat solide. Le digestat liquide sera appauvri en matière solide 

(matière sèche, matière organique, P). Le digestat solide a des teneurs en matière sèche semblables à un 

fumier ou à un compost. En fonction de la technologie utilisée, la séparation de phase sera plus ou moins 

�H�I�I�L�F�D�F�H�����/�¶�X�W�L�O�L�V�D�W�L�R�Q���G�¶�X�Q�H���S�U�H�V�V�H���j���Y�L�V�����S�H�X���H�I�I�L�F�D�F�H�����Y�D���O�D�L�V�V�H�U���G�H�V���G�L�J�H�V�W�D�W�V���O�L�T�X�L�G�H�V���D�Y�H�F���G�H�V���W�H�Q�H�X�U�V��

relativement élevées en matière sèche (environ 30% de la matière sèche peut être exportée vers la phase 

solide). L�¶�X�W�L�O�L�V�D�W�L�R�Q���G�H���W�H�F�K�Q�R�O�R�J�L�Hs plus efficaces (centrifugation par exemple) va amener la grande 

majorité de la matière sèche (environ 80%) dans la phase solide (Guilayn et al., 2019b). �/�¶�D�]�R�W�H��

ammoniacal, soluble, reste préférentiellement dans la phase liquide. �'�¶�D�X�W�U�H�V�� �S�R�V�W-traitments (par 

exemple compostage ou séchage) peuvent modifier les caractéristiques des digestats, mais ne seront pas 

étudiés en détail. 

Tableau 1.2 �± Caractéristiques types de digestats (Guilayn et al., 2019a).  

 Digestat brut, 
voie humide 

Digestat brut, 
voie sèche 

Digestat liquide 
(voie humide, 
presse à vis) 

Digestat solide 
(voie humide, 
presse à vis) 

MS (%MB) 2.5 �± 10 12 �± 25 2 �± 8 20 �± 35 
MO (%MB) 1 �± 6 5 �± 11 1 �± 5 20 �± 30 

N total (g kgMB-1) 2 �± 8 3 �± 6 3 �± 8 4 �± 8 
N ammoniacal 

(g kgMB-1) 
0,5 �± 4,0 1,0 �± 2,5 2,0 �± 3,0 0,7 �± 3,0 

N ammoniacal 
(% N total) 

30 �± 70% 10 �± 40% 30 �± 70% 20 �± 40% 

C/N 2 �± 10 10 �± 20 3 �± 6 12 �± 25 
P (g kgMB-1) 0,2 �± 1,5 0,1 �± 2,5 0,6 �± 1,3 1,1 �± 4,0 
K (g kgMB-1) 0,1 �± 4,0 0,2 �± 5,0 1,5 �± 5,0 2,0 �± 5,0 

MS : matière sèche. MB : matière brute. MO : matière organique. 
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1.2 E�I�I�H�W�� �G�H�� �O�¶�p�S�D�Q�G�D�J�H�� �G�H�� �G�L�J�H�V�W�D�W�� �D�X�� �F�K�D�P�S �j�� �O�¶�p�F�K�H�O�O�H�� �G�H�� �O�D��

parcelle 
La section 1.2 �V�\�Q�W�K�p�W�L�V�H���O�H�V���F�R�Q�Q�D�L�V�V�D�Q�F�H�V���D�F�W�X�H�O�O�H�V���V�X�U���O�H�V���H�I�I�H�W�V���G�H���O�¶�D�S�S�R�U�W���G�H���G�L�J�H�V�W�D�W���D�X���F�K�D�P�S�����H�W��

plus particulièrement sur les effets liés aux cycles du C et du N au champ.   

1.2.1 Digestat et fertilisation azotée 

Nous nous intéressons ici à la capacité des digestats à se substituer aux engrais azotés à court terme 

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

azote (ordre de grandeur : 2 à 8 gN par kg de matière brute MB), avec une forte proportion �G�¶�D�]�R�W�H��

minéral (�O�¶ordre de grandeur est de �������j�������������G�H���O�¶�D�]�R�W�H���W�R�W�D�O����(Beggio et al., 2019; Guilayn et al., 2019a; 

Nkoa, 2014; Stürmer et al., 2020). Ces propriétés en font de bons fertilisants azotés. B�H�D�X�F�R�X�S���G�¶�p�W�X�G�H�V��

ont montré que les digestats liquides ou bruts pouvaient remplacer les fertilisants azotés de synthèse sur 

des essais au champ, sur des cultures comme le blé, le maïs�����O�¶�R�U�J�H���R�X��sur prairie ���%�D�U�á�y�J���H�W���D�O������������������

Cavalli et al., 2016; Chantigny et al., 2008; Ferdous et al., 2020; Loria et al., 2007; 

Pastorelli et al., 2021; Verdi et al., 2019; Zicker et al., 2020). Des exemples de Keq de digestats sont 

données dans le Tableau 1.3. �¬�� �O�¶�p�F�K�H�O�O�H�� �G�¶�X�Q�H�� �Dnnée, �R�Q�� �V�X�S�S�R�V�H�� �V�R�X�Y�H�Q�W�� �T�X�H�� �O�¶azote ammoniacal 

correspond à �O�¶�D�]�R�W�H���D�V�V�L�P�L�O�D�E�O�H���S�D�U���O�H�V���S�O�D�Q�W�H�V���j���F�R�X�U�W���W�H�U�P�H. Néanmoins, cette valeur fertilisante peut 

être modifiée par les phénomènes de volatilisation �G�¶�D�P�P�R�Q�L�D�F���D�X���F�K�D�P�S���H�W���G�H���P�L�Q�p�U�D�O�L�V�D�W�L�R�Q���G�H���O�¶�D�]�R�W�H 

organique (Möller and Müller, 2012). �/�D�� �G�\�Q�D�P�L�T�X�H�� �G�H�� �O�¶�D�]�R�W�H�� �P�L�Q�p�U�D�O�� �G�D�Q�V�� �O�H�� �V�R�O�� �D�S�U�q�V�� �D�S�S�R�U�W�� �G�H��

digestat peut être suivie grâce à des incubations de mélanges sol-digestat en conditions contrôlées. Avec 

cette méthode, en fonction des digestats bruts ou liquides �p�W�X�G�L�p�V���� �L�O�� �H�V�W�� �S�R�V�V�L�E�O�H�� �G�¶�R�E�V�H�U�Y�H�U�� �X�Q�H��

�P�L�Q�p�U�D�O�L�V�D�W�L�R�Q���G�¶�D�]�R�W�H���R�U�J�D�Q�L�T�X�H (Müller-Stöver et al., 2016; Tampio et al., 2016) ou une immobilisation 

�G�¶�D�]�R�W�H��minéral (Alburquerque et al., 2012; de la Fuente et al., 2013). L�¶�L�Q�I�O�X�H�Q�F�H�� �G�H�� �F�H�V�� �G�H�X�[��

phénomènes sur la teneur en azote inorganique total du sol reste souvent faible au regard des quantités 

�G�¶�D�]�R�W�H�� �D�P�P�R�Q�L�D�F�D�O�� �D�S�S�R�U�W�p�H�V��(Alburquerque et al., 2012; Cavalli et al., 2017; Müller-Stöver et al., 

2016). 

Les digestats solides sont plus souvent utilisés �H�Q���W�D�Q�W���T�X�¶�D�P�H�Q�Gement. En effet leur teneur en matière 

organique est plus élevée et leur teneur en azote ammoniacal plus faible que les digestats liquides ou 

bruts (Guilayn et al., 2019b; Houot et al., 2014). Leur pouvoir fertilisant azoté risque donc �G�¶�r�W�U�H���I�D�L�E�O�H��

(Cavalli et al., 2016; Thomas et al., 2017) (Tableau 1.3). Chiyoka et al. (2014), de la Fuente et al. (2013) 

et Cavalli et al. (2017) ont montré que certains digestats solides immobilisaien�W�� �G�H�� �O�¶�D�]�R�W�H�� �O�R�U�V��

�G�¶�L�Q�F�X�E�D�W�L�R�Q�� �D�Y�H�F�� �G�X�� �V�R�O�� �H�Q�� �F�R�Q�G�L�W�L�R�Qs contrôlées, ce qui pourrait limiter leur valeur fertilisante. 

Néanmoins, certains digestats solides ont été montrés comme efficace pour remplacer des engrais azotés 

sur des légumes (Maucieri et al., 2017).  
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Actuellement, nous savons donc que les digestats bruts et liquides sont de bons fertilisants. Nous savons 

que les déterminants de cette fertilité sont �G�¶�D�E�R�U�G��la teneur en azote ammoniacal, et en second lieu la 

volatilisation �G�H���O�¶�D�]�R�W�H���D�P�P�R�Q�L�D�F�D�O �H�W���O�D���P�L�Q�p�U�D�O�L�V�D�W�L�R�Q���G�H���O�¶�D�]�R�W�H���R�U�J�D�Q�L�T�X�H���G�H�V���G�L�J�H�V�W�D�W�V�� L�¶�H�I�I�L�F�D�F�L�W�p��

fertilisante des digestats solides semble faible mais pourrait mériter une investigation supplémentaire.  

Tableau 1.3 �± Exemple de Keq de digestats. 

Référence Culture Produit Keq (%) 

Cavalli et al. (2016) Maïs Digestat liquide ou brut 20 �± 70 

  Digestat solide 0 �± 25 

Baral et al. (2017) Orge Digestat brut 60 

Valeurs proposées par la 

�&�K�D�P�E�U�H�� �G�¶�$�J�U�L�F�X�O�W�X�U�H��

de Bretagne (2017) 

Blé, colza, Maïs, prairie Digestat liquide ou brut 60 �± 70 

 Digestat solide composté 10 

 

1.2.2 D�L�J�H�V�W�D�W���H�W���Y�R�O�D�W�L�O�L�V�D�W�L�R�Q���G�¶�D�P�P�R�Q�L�D�F 

�/�¶�D�P�P�R�Q�L�D�F�����1�+3�����H�V�W���X�Q���J�D�]���S�R�O�O�X�D�Q�W�����,�O���F�R�Q�W�U�L�E�X�H���j���O�¶�D�F�L�G�L�I�L�F�D�W�L�R�Q �H�W���j���O�¶�H�X�W�U�R�S�K�L�V�D�W�L�R�Q���G�H�V���P�L�O�L�H�X�[����

et est un précurseur de particules fines �����L�O���D���G�R�Q�F���G�H�V���L�P�S�D�F�W�V���V�X�U���O�¶�H�Q�Y�L�U�R�Q�Q�H�P�H�Q�W���H�W���O�D���V�D�Q�W�p�����(�Q��������������

�O�H�V���p�P�L�V�V�L�R�Q�V���G�¶�D�P�P�R�Q�L�D�F���D�J�U�L�F�R�O�H�V���U�H�S�U�p�V�H�Q�W�D�L�H�Q�W�����������G�H�V���p�P�L�V�V�L�R�Q�V���G�¶�D�P�P�R�Q�L�D�F���W�R�W�D�O�H�V���H�Q���)�U�D�Q�F�H. 

Au sein du secteur agricole, les émissions étaient dues �j�� �O�¶�p�S�D�Q�G�D�J�H�� �G�H�V�� �H�Q�J�U�D�L�V�� �D�]�R�W�ps de synthèse 

���������������j���O�D���J�H�V�W�L�R�Q���G�H�V���H�I�I�O�X�H�Q�W�V���E�R�Y�L�Q�V�����E�k�W�L�P�H�Q�W���H�W���V�W�R�F�N�D�J�H�����������������j���O�¶�p�S�D�Q�G�D�J�H���G�H���3�5�2���D�X���F�K�D�P�S��

(21%). Les autres sources incluent la pâture et la gestion des effluents animaux hors bovins 

(CITEPA, 2020). Les digestats peuvent donc être concernés �S�D�U���O�H�V���p�P�L�V�V�L�R�Q�V���G�¶�D�P�P�R�Q�L�D�F��lors de leur 

stockage et lors de �O�¶�p�S�D�Q�G�D�J�H�����1�R�X�V���Q�R�X�V���F�R�Q�F�H�Q�W�U�R�Q�V���L�F�L���V�X�U���O�¶�p�S�D�Q�G�D�J�H���G�H�V���G�L�J�H�V�W�D�W�V���D�X���F�K�D�P�S�� 

La volatilisation est un processus physico-�F�K�L�P�L�T�X�H�����/�R�U�V�T�X�¶�X�Q���3�5�2���H�V�W���p�S�D�Q�G�X���D�X���F�K�D�P�S�����X�Q���p�T�X�L�O�L�E�U�H��

physico-chimique a lieu entre les ions ammonium NH4
+ en solution, les molécules �G�¶�D�P�P�R�Q�L�D�F���1�+3 en 

solution et les molécules de NH3 �j���O�¶�p�W�D�W���J�D�]�H�X�[�����6�R�X�V���F�H�W�W�H���G�H�U�Q�L�q�U�H���I�R�U�P�H�����j���O�¶�L�Q�W�H�U�I�D�F�H���H�Q�W�U�H���O�H���3�5�2��

�H�W���O�¶�D�W�P�R�V�S�K�q�U�H�����O�H���1�+3 �S�H�X�W���r�W�U�H���p�P�L�V���Y�H�U�V���O�¶�D�W�P�R�V�S�K�q�U�H (Sommer, 1997)�����&�¶�H�V�W���X�Q���S�U�R�F�H�V�V�X�V���U�D�S�L�G�H����

qui dure quelques heures à quelques jours (Carozzi et al., 2013a; Riva et al., 2016). De nombreux 

facteurs influencent la volatilisation. La volatilisation est directement liée à la concentration en azote 

ammoniacal dans les PRO �����S�O�X�V���O�D���T�X�D�Q�W�L�W�p���G�¶�D�]�R�W�H���D�P�P�R�Q�L�D�F�D�O���H�V�W���J�U�D�Q�G�H�����S�O�X�V��la quantité d�¶�D�P�P�R�Q�L�D�F��

volatilisable sera grande���� �/�¶�D�X�J�Pentation du pH du mélange PRO-sol et l�¶�D�X�J�P�H�Q�W�D�W�L�R�Q�� �G�H�� �O�D��

température favorisent le déplacement des équilibres thermochimiques vers la phase ammoniacale 

gazeuse, et favorisent donc la volatilisation. Des conditions climatiques venteuses et une absence de 

couverture végétale du sol diminuent la résistance atmosphérique au-dessus du sol et favorisent la 

volatilisation (Hafner et al., 2018). À �O�¶�L�Q�Y�H�U�V�H�����O�H�V���F�D�U�D�F�W�p�U�L�V�W�L�T�X�H�V���G�X���V�R�O, les caractéristiques des PRO, 
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et les pratiques agricoles qui permettent de lim�L�W�H�U�� �O�H�� �F�R�Q�W�D�F�W�� �D�Y�H�F�� �O�¶�D�W�P�R�V�S�K�q�U�H�� �L�Q�K�L�E�H�Q�W�� �O�D��

volatilisation : fac�L�O�L�W�p�� �G�H�� �O�¶�L�Q�I�L�O�W�U�D�W�L�R�Q�� �G�H�V�� �3�5�2 dans le sol, pluie, enfouissement, modes �G�¶�D�S�S�R�U�W��

limitant le contact entre PRO et atmosphère (Hafner et al., 2018; Sommer and Hutchings, 2001; 

Webb et al., 2010). �/�R�U�V���G�¶�X�Q�� �p�S�D�Q�G�D�J�H�����O�H�V���I�D�F�W�H�X�U�V���G�¶�p�P�L�V�V�L�R�Q�V���G�¶�D�P�P�R�Q�L�D�F���V�R�Q�W���V�R�X�Y�H�Q�W���H�[�S�U�L�P�p�V��

�F�R�P�P�H���X�Q�H���S�U�R�S�R�U�W�L�R�Q���G�H���O�¶�D�]�R�W�H���D�P�P�R�Q�L�D�F�D�O apporté qui est volatilisé. 

�/�D���Y�R�O�D�W�L�O�L�V�D�W�L�R�Q���G�H�V���O�L�V�L�H�U�V���D���p�W�p���I�R�U�W�H�P�H�Q�W���p�W�X�G�L�p�H���G�D�Q�V���O�D���O�L�W�W�p�U�D�W�X�U�H�����F�R�P�P�H���O�¶�D�W�W�H�V�W�H���O�D���W�D�L�O�O�H de la base 

�G�H�� �G�R�Q�Q�p�H�V�� �G�H�� �P�H�V�X�U�H�V�� �G�¶�p�P�L�V�V�L�R�Q�V��de NH3 construite par Hafner et al. (2018). La volatilisation des 

digestats liquides ou bruts a également été étudiée. Les digestats liquides ou bruts sont sujets aux 

�p�P�L�V�V�L�R�Q�V�� �G�¶�D�P�P�R�Q�L�D�F���� �j�� �F�D�X�V�H�� �G�H�� �O�H�X�U�� �I�R�U�W�H concentration en azote ammoniacal et à leur pH 

relativement élevé (Nkoa, 2014). En fonction des digestats, des conditi�R�Q�V���H�W���G�H�V���P�p�W�K�R�G�H�V���G�¶�p�S�D�Q�G�D�J�H, 

�G�H�V���I�D�F�W�H�X�U�V���G�¶�p�P�L�V�V�L�R�Q�V���W�U�q�V���Y�D�U�L�p�V���V�R�Q�W���P�H�V�X�U�ps. Quelques exemples sont données dans le Tableau 1.4. 

La volatilisation concerne une partie importante des apports �G�¶�D�]�R�W�H���D�P�P�R�Q�L�D�F�D�O���H�W���S�H�X�W���G�R�Q�F���G�L�P�L�Q�X�H�U��

la valeur fertilisante azotée des digestats. 

La sensibilité des digestats à la volatilisation comparée à celles des lisiers donnent des résultats 

ambivalents dans la littérature (Möller, 2015)�����'�¶�X�Q���F�{�W�p�����O�D���P�p�W�K�D�Q�L�V�D�W�L�R�Q���D�X�J�P�H�Q�W�H���O�D���W�H�Q�H�X�U���H�Q���D�]�R�W�H��

ammoniacal et le pH, ce qui favorise la volatilisatio�Q�����'�H���O�¶�D�X�W�U�H�����H�O�O�H���G�L�P�L�Q�X�H���O�D teneur en matière sèche 

du PRO, ce qui peut favoriser �O�¶�L�Q�I�L�O�W�U�D�W�L�R�Q�� �G�H�V�� �G�L�J�H�V�W�D�W�V�� �H�W�� �G�R�Q�F�� �G�L�P�L�Q�X�H�U�� �O�D�� �Y�R�O�D�W�L�O�L�V�D�W�L�R�Q�� 

Möller and Stinner (2009) ne voient �S�D�V���G�H���G�L�I�I�p�U�H�Q�F�H���G�H���I�D�F�W�H�X�U�V���G�¶�p�P�L�V�V�L�R�Q�V���H�Q�W�U�H���O�H�V���G�L�J�H�V�W�D�W�V���H�W���O�H�V��

lisiers ; Nyord et al. (2012) et Nicholson et al., (2017) observent en général plus de volatilisation après 

épandage de digestats �T�X�¶�D�S�U�q�V���p�S�D�Q�G�D�J�H���G�H���O�L�V�L�H�U�V ; Neerackal et al., (2015) montrent une volatilisation 

plus importante des lisiers en comparaison avec celle des digestats en conditions de laboratoire. 

�/�¶�L�Q�M�H�F�W�L�R�Q�� �G�H�V�� �G�L�J�H�V�W�D�W�V directement dans le sol a été démontrée efficace pour réduire fortement les 

émissions���� �G�H�� �O�¶�R�U�G�U�H�� �G�H�� ������ (Maris et al., 2021; Riva et al., 2016). Comme pour les autres PRO, 

�O�¶�H�Q�I�R�X�L�V�V�H�P�H�Q�W�� �U�D�S�L�G�H�� �G�H�Y�U�D�Lt limiter la volatilisation. Comme pour �O�H�V�� �O�L�V�L�H�U�V���� �O�¶�D�S�S�R�U�W�� �G�H�� �G�L�J�H�V�W�D�W�V��

acidifiés au champ a été proposé (de França et al., 2021). Cette acidification pourrait limiter la 

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

La volatilisation �G�H���O�¶�D�P�P�R�Q�L�D�F���D�S�U�q�V���D�S�S�R�U�W�V��de produits solides, qui incluent les fumiers, a été moins 

étudiée dans la littérature. �/�H�V���I�D�F�W�H�X�U�V���G�¶�p�P�L�V�V�L�R�Q�V���G�H�V���I�X�P�L�H�U�V���S�H�X�Y�H�Q�W���r�W�U�H���W�U�q�V���L�P�S�R�U�W�D�Q�Ws (supérieurs 

à 60%, voire ���������G�H���O�¶�D�]�R�W�H���D�P�P�R�Q�L�D�F�D�O���D�S�S�R�U�W�p�������+�D�I�Q�H�U���H�W���D�O���������������������1�R�X�V���Q�¶�D�Y�R�Q�V���W�U�R�X�Y�p���D�X�F�X�Q�H��

donnée de volatilisation après épandage de digestats solides dans la littérature. Certains auteurs 

considèrent que la volatilisation après �O�¶�p�S�D�Q�G�D�J�H���G�H�V���G�L�J�H�V�W�D�W�V���Volides doit être négligeable par rapport 

�j���O�¶�p�S�D�Q�G�D�J�H���G�H���G�L�J�H�V�W�D�Ws liquides (Holly et al., 2017; Nyord et al., 2012). Néanmoins, ceci ne repose 

sur aucune preuve expérimentale et des références sur la sensibilité des digestats solides à la 

volatilisation seraient nécessaires. 

. 
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Tableau 1.4 �± �(�[�H�P�S�O�H���G�H���I�D�F�W�H�X�U�V���G�¶�p�P�L�V�V�L�R�Q�V���G�¶�D�P�P�R�Q�L�D�F�����D�S�U�q�V���p�S�D�Q�G�D�J�H���G�H���G�L�J�H�V�W�D�W�V���O�L�T�X�L�G�H�V���R�X���E�U�X�W�V�����R�X���G�H���O�L�V�L�H�U�V�� 

Référence PRO Détail 
Volatilisation 
(% N ammoniacal) 

Volatilisation 
(% N total) 

Hafner et al. (2018) Lisiers bovins ~1000 observations 27% (médiane estimée) 
(0% �± >100%) 

13% (médiane estimée) 
(0 �± 70%) 

Nicholson et al. (2017) Digestats de biodéchets Epandage au pendillard. 
Moyenne sur 4 épandages. 

48% (estimé) 38% 

 Lisiers bovins et porcins 
non digérés 

Epandage au pendillard. 
Moyenne sur 4 épandages. 

30% (estimé) 24% 

Räbiger et al. (2020) Digestat liquide ou brut Epandage au pendillard. 5 
sites, 3 ans. 

13% �± 25% 8% �± 18% 

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 bruts sont sensibles à la volatilisation. Les déterminants de 

cette volatilisation et les méthodes de réduction des émissions sont connues. Mieux comprendre les 

�G�p�W�H�U�P�L�Q�D�Q�W�V���G�H���O�¶�L�Q�I�L�O�W�U�D�W�L�R�Q���G�H�V���3�5�2���S�R�X�U�U�D�L�W���S�H�U�P�H�W�W�U�H���G�H���P�L�H�X�[���F�R�P�S�D�Uer effluents non digérés et 

digestats, ainsi que les différents digestats entre eux. La sensibilité des digestats solides est une question 

�G�¶�L�Q�W�p�U�r�W���S�R�X�U���O�D���F�R�P�P�X�Q�D�X�W�p���V�F�L�H�Q�W�L�I�L�T�X�H���H�W���O�H�V���S�U�D�W�L�F�L�H�Q�V. 

1.2.3 Effet des digestats sur la matière organique du sol 

�&�R�P�P�H�� �O�H�V�� �D�X�W�U�H�V�� �3�5�2���� �R�Q�� �D�W�W�H�Q�G�� �G�H�V�� �G�L�J�H�V�W�D�W�V�� �T�X�¶�L�O�V�� �D�S�S�R�U�W�H�Q�W�� �G�H�� �O�D��matière organique au champ, 

�I�D�Y�R�U�L�V�D�Q�W�� �O�¶�D�X�J�P�H�Q�W�D�W�L�R�Q�� �G�H�V�� �V�W�R�F�N�V�� �G�H�� �0�2�6���� �/�D�� �T�X�H�V�W�L�R�Q�� �G�X�� �S�R�X�Y�R�L�U�� �D�P�H�Q�G�D�Q�W�� �G�H�V�� �G�L�J�H�V�W�D�Ws peut 

prendre deux points de vue. �'�¶�X�Q�H���S�D�U�W, on peut essayer de caractériser le pouvoir amendant des digestats 

en absolu, en étudiant la concentration et la stabilité de la matière organique qui les constitue. D�¶�D�X�W�U�H��

part, dans le cadre de la méthanisation agricole des effluents �G�¶�p�O�H�Y�D�J�H, il est aussi pertinent de comparer 

le pouvoir amendant des digestats à celui des effluents non digérés. 

�7�U�q�V���S�H�X���G�¶�H�V�V�D�L�V���D�X���F�K�D�P�S���D�Y�H�F���G�H�V���D�S�S�R�U�W�V���G�H���G�L�J�H�V�W�D�W���j���O�R�Q�J���W�H�U�P�H���R�Q�W���p�W�p���U�p�D�O�L�V�p�V�����F�H���T�X�L���O�L�P�L�W�H���O�H�V��

preuves directes de �O�¶�H�I�I�H�W�� �D�P�H�Q�G�D�Q�W�� �G�H�� �O�¶�p�S�D�Q�G�D�J�H�� �G�H�V�� �G�L�J�H�V�W�D�W�V�� �D�X�� �F�K�D�P�S���� �'�Dns une approche 

intermédiaire, Wentzel et al. (2015) ont comparé des champs dans des exploitations utilisant des lisiers 

ou des digestats depuis plus de 20 ans : en moyenne, les champs fertilisés avec les lisiers ou les digestats 

�R�Q�W���G�H�V���W�H�Q�H�X�U�V���H�Q���0�2�6���V�L�P�L�O�D�L�U�H�V�����P�D�O�J�U�p���G�H�V���G�L�I�I�p�U�H�Q�F�H�V���G�D�Q�V���X�Q���V�H�Q�V���R�X���G�D�Q�V���O�¶�D�X�W�U�H���V�H�O�R�Q���O�H�V��sites. 

Après 8 ans d�¶�D�S�S�R�U�W�V���G�H���G�L�J�H�V�W�D�W�V���V�R�O�L�G�H�V�����2�G�O�D�U�H���H�W���D�O�� (2014) montrent une augmentation faible de la 

MOS en comparaison avec un contrôle sans amendement organique���� �'�D�Q�V�� �F�H�W�� �H�V�V�D�L���� �G�¶�D�X�W�U�H�V PRO 

(fumiers, boues, composts) ont le même effet que les �G�L�J�H�V�W�D�W�V�� �V�R�O�L�G�H�V���� �$�S�U�q�V�� ���� �D�Q�V�� �G�¶�D�S�S�R�U�W�V�� �G�H��

digestats, Zicker et al. (2020) observent une augmentation de la MOS par rapport à un traitement sans 

PRO. Les auteurs observent un effet des digestats similaire à celui des lisiers, malgré un plus faible 

apport de C via les digestats. 

La méthanisation augmente la stabilité de la matière organique. À �O�¶�D�L�G�H�� �G�¶�L�Q�F�X�E�D�W�L�R�Qs en conditions 

contrôlées (Béghin-Tanneau et al., 2019; Cavalli et al., 2017; de la Fuente et al., 2013; Thomsen et al., 

2013), de fractionnements biochimiques de type Van Soest (Van Soest and Wine, 1967) (Tambone et 

al., 2009), d�¶�D�Q�D�O�\�V�Hs spectrométriques (Tambone et al., 2009) ou de la demande en oxygène (Tambone 

et al., 2009, 2013)�����S�O�X�V�L�H�X�U�V�� �p�W�X�G�H�V�� �R�Q�W�� �P�L�V�� �H�Q�� �p�Y�L�G�H�Q�F�H�� �O�¶�D�X�J�P�H�Q�W�D�W�L�R�Q�� �G�H�� �O�D�� �V�W�D�E�L�O�L�W�p�� �G�H�� �O�D�� �P�D�W�L�q�U�H��

organique après méthanisation. Avec des incubations, il a été montré que la stabilité de la matière 

organique de différents digestats peut être très variable : de 0% à 90% de la matière organique des 

digestats est stable selon les études �G�¶�$�O�E�X�U�T�X�H�U�T�X�H�� �H�W�� �D�O�� (2012), Levavasseur et al. (2021a), et 

Nielsen et al. (2020). La variabilité de la stabilité des digestats est confirmée par des études liées au 

fractionnement biochimique de digestats issus de différents intrants (Jimenez et al., 2017). Après 

séparation de phase, la nature de la matière organique est différente entre les digestats liquides et solides. 

De la Fuente et al. (2013) montrent que les digestats liquides possèdent une matière organique moins 
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�V�W�D�E�O�H���T�X�H���O�H�V���G�L�J�H�V�W�D�W�V���V�R�O�L�G�H�V���� �/�¶�L�Q�Y�H�U�V�H���D�� �p�W�p���W�U�R�X�Y�p���S�D�U��Askri et al. (2016). Tambone et al. (2019) 

montrent que les digestats liquides pourraient posséder une matière organique stable, comparable aux 

�F�R�P�S�R�V�W�V���� �H�W�� �T�X�H�� �O�¶effet amendant des digestats liquides pourrait ne pas être négligeable. 

Levavasseur et al. (2021a) trouvent un ISMO moyen des digestats de 66% (écart-type : 13%, n = 54), 

ce qui est supérieur aux effluent�V���G�¶�p�O�H�Y�D�J�H et similaire ou inférieur aux composts. 

La méthanisation peut influencer les propriétés amendantes des PRO via des apports de C par les co-

substrats, des exports de carbone dans le biogaz et une augmentation de la stabilité de la matière 

�R�U�J�D�Q�L�T�X�H���� �/�¶�H�I�I�H�W�� �J�O�R�E�D�O�� �G�H�� �O�D�� �P�p�W�K�D�Q�L�V�D�W�L�R�Q�� �H�V�W�� �G�R�Q�F�� �G�L�Ificile à évaluer. L�¶�p�W�X�G�H de Thomsen et al. 

(2013) semble montrer que �O�D�� �G�L�J�H�V�W�L�R�Q�� �Q�¶�D�X�U�D�L�W�� �S�D�V�� �G�¶�L�P�S�D�F�W�� �V�X�U�� �O�H�� �V�W�R�F�N�D�J�H���G�H�� �&��dans le sol, car 

�O�¶�H�[�S�R�U�W���G�H���&���G�D�Q�V���O�H���E�L�R�J�D�]���V�H�U�D�L�W���F�R�P�S�H�Q�V�p���S�D�U���X�Q�H���D�X�J�P�H�Q�W�D�W�L�R�Q���G�H���O�D���V�W�D�E�L�O�L�W�p���G�H���O�D���P�D�W�L�q�U�H���R�U�J�D�Q�L�T�X�H��

du digestat. Cette théorie, largement communiquée, demande toutefois à être validée, nuancée ou réfutée 

�S�D�U���G�¶�D�X�W�U�H�V���p�W�X�G�H�V�� �U�p�F�H�Q�W�H�V����À partir �G�¶�L�Q�G�L�F�D�W�H�X�U�V���G�H���V�W�D�E�L�O�L�W�p���G�H���O�D���P�D�W�L�q�U�H���R�U�J�D�Q�L�T�X�H, Bodilis et al. 

(2015) ont modélisé une augmentation légèrement moins forte des stocks de MOS sur des fermes 

utilisant des digestats, �H�Q���F�R�P�S�D�U�D�L�V�R�Q���D�Y�H�F���G�H�V���I�H�U�P�H�V���X�W�L�O�L�V�D�Q�W���G�¶�D�X�W�U�H�V���3�5�2. 

�(�Q���U�p�V�X�P�p�����O�H�V���G�L�J�H�V�W�D�W�V���S�H�U�P�H�W�W�H�Q�W���G�¶�H�Q�W�U�H�W�H�Q�L�U���O�D���0�2�6�����F�R�P�P�H���G�¶�D�X�W�U�H�V���3�5�2�����,�O���Q�¶�\���D���S�D�V���G�H���F�R�Q�V�H�Q�V�X�V��

pour déterminer si la méthanisation des effluents �G�¶�p�O�H�Y�D�J�H favorisait ou défavorisait le stockage de 

MOS. Des essais à long terme pourraient compléter notre connaissance sur la capacité des digestats à 

entretenir la MOS. La caractérisation plus fine de la stabilité des digestats en fonction des processus de 

�P�p�W�K�D�Q�L�V�D�W�L�R�Q���H�W���G�H�V���L�Q�W�U�D�Q�W�V���H�V�W���L�Q�W�p�U�H�V�V�D�Q�W�H�����S�R�X�U���H�Q�V�X�L�W�H���p�W�X�G�L�H�U���O�¶�H�I�I�H�W���G�¶�D�S�S�R�U�W�V���U�p�S�p�W�p�V���G�H���G�L�J�H�V�W�D�W�V��

à long terme grâce à de la modélisation, comme suggéré par Jimenez et al. (2015). 

1.2.4 Effet des digestats sur la fertilité des sols à long terme 

�&�R�P�P�H���S�R�X�U���O�H�V���D�X�W�U�H�V���3�5�2�����O�¶�D�X�J�P�H�Q�W�D�W�L�R�Q���G�H���O�D���0�2�6���V�X�L�W�H���j���O�¶�p�S�D�Q�G�D�J�H���G�H�V���G�L�J�H�V�W�D�W�V���S�H�X�W���D�P�p�O�L�R�U�H�U��

la fertilité des sols. �/�¶�D�P�p�O�L�R�U�D�W�L�R�Q�� �G�H�� �O�D�� �I�H�U�W�L�O�L�W�p�� �S�K�\�V�L�T�X�H�� �G�X�� �V�R�O�� �V�X�L�W�H�� �j�� �O�¶�p�S�D�Q�G�D�J�H�� �G�H�� �G�L�J�H�V�W�D�W�V��a 

également été montrée dans quelques études (Möller, 2015). Dans une étude italienne 

���%�D�G�D�J�O�L�D�F�F�D���H�W���D�O���������������������O�¶�D�S�S�R�U�W���G�H���G�L�J�H�V�W�D�W���V�R�O�L�G�H��dans des vergers a induit une augmentation de la 

�V�W�D�E�L�O�L�W�p�� �G�H�V�� �D�J�U�p�J�D�W�V�� �j�� �O�¶�p�F�K�H�O�O�H�� �G�H�� �T�X�H�O�T�X�H�V�� �V�H�P�D�L�Q�H�V���� �D�Y�D�Q�W�� �T�X�H�� �O�¶�H�I�I�H�W�� �Q�H�� �V�¶�H�V�W�R�P�S�H�� �X�Q�� �D�Q�� �D�S�U�q�V��

�O�¶�D�S�Sort.  

Les effets des digestats sur la fertilisation à long terme (> 5 ans) sont encore peu étudiés avec des essais 

au champ. �$�X�F�X�Q���H�I�I�H�W���G�H���O�¶�D�S�S�R�U�W���U�p�S�p�W�p���G�H���G�L�J�H�V�W�D�W�V���V�X�U���O�D���I�H�U�W�L�O�L�V�D�W�L�R�Q���D�]�R�W�p�H���Q�¶�D���p�W�p���R�E�V�H�U�Y�p��pour des 

digestats solides (Odlare et al., 2014) et bruts (Zicker et al., 2020). 

Des essais à long terme pourraient être très intéressants pour compléter notre connaissance sur les 

propriétés amendantes des digestats (amélioration de la fertilité physique du sol, augmentation de la 

fourniture en azote à long terme). 
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1.2.5 Effet des digestats sur la vie du sol 

�/�¶�H�I�I�H�W���G�H���O�¶�D�S�S�O�L�F�D�W�L�R�Q���G�H�V���G�L�J�H�V�W�D�W�V���V�X�U���O�D���P�p�V�R�I�D�X�Q�H��du sol est encore mal caractérisé (Möller, 2015). 

Seules quelques études se sont intéressées à �O�¶�H�I�I�H�W���G�H���O�¶�p�S�D�Q�G�D�J�H���G�H���G�L�J�H�V�W�D�W�V�����U�p�S�p�W�p�V���R�X non, sur les 

populations de vers de terre au champ. Pourtant, le changement de qualité de la matière organique 

pendant la digestion pourrait influencer sa qualité nutritive pour la faune et la microfaune du sol (Ernst 

et al., 2008; Onrust et Piersma, 2019; Sizmur et al., 2017). Butt et Putwain, (2017), Clements et al. 

(2012) et Koblenz et al. (2015) ont observé des abondances et/ou des biomasses de vers de terre plus 

fortes après épandage de digestats par rapport à un traitement sans apport de PRO. Les abondances de 

vers de terre sont en général similaires, en comparaison avec des traitements utilisant des effluents 

�G�¶�p�O�H�Y�D�J�H��non digérés, mais les communautés de vers de terre peuvent être différentes (Koblenz et al., 

2015)�����'�¶�D�X�W�U�H�V���p�W�X�G�H�V���P�R�Q�W�U�Hnt un�H���D�E�V�H�Q�F�H���G�¶�H�I�I�H�W�����Y�R�L�Ue �X�Q�H���G�L�P�L�Q�X�W�L�R�Q���G�H���O�¶�D�E�R�Q�G�D�Q�F�H���G�H���Y�H�U�V���G�H��

terre, en comparaison aux traitements non amendés, après quelques mois ou �T�X�H�O�T�X�H�V���D�Q�Q�p�H�V���G�¶�D�S�S�R�U�Ws 

répétés (Bermejo et al., 2010; Frøseth et al., 2014; Rollett et al., 2020). En plus de ces effets à long 

terme, une mortalité des vers de terre en surface a déjà été observée juste après épandage de digestat 

liquide (Burmeister et al., 2015; Johansen et al., 2015; Løes et al., 2014). Ces évènements ne semblent 

pas affecter les populations après �T�X�H�O�T�X�H�V�� �D�Q�Q�p�H�V�� �G�¶�D�S�S�R�U�W�V�� �U�p�S�p�W�p�V���� �&�H�� �S�K�p�Q�R�P�q�Q�H�� �D�� �p�J�D�O�H�P�H�Q�W�� �p�W�p��

observé après des apports de lisiers (Curry, 1976; Curry et al., 1980; Hansen, 1996; Van Vliet et de 

Goede, 2006). L�¶�D�X�J�P�H�Q�W�D�W�L�R�Q�� �G�H�� �O�D�� �W�H�Q�H�X�U�� �H�Q�� �D�]�R�W�H�� �D�P�P�R�Q�L�D�F�D�O�� �G�H�V���G�L�J�H�V�W�D�W�V�� �H�V�W�� �X�Q�H�� �K�\�S�R�W�K�q�V�H��

possible sur sa toxicité à court terme (Curry, 1976; Hughes et al., 2008). Les effets des digestats sur les 

vers de terre à court et long terme restent à explorer. 

De façon similaire, le changement de qualité de la matière organique des digestats pourrait affecter la 

�Y�L�H�� �G�X�� �V�R�O���� �¬�� �F�R�X�U�W�� �W�H�U�P�H���� �R�Q�� �R�E�V�H�U�Y�H�� �G�H�V�� �S�L�F�V�� �G�¶�D�F�W�L�Y�L�W�p�� �P�L�F�U�R�E�L�H�Q�Q�H�� �D�S�U�q�V�� �D�S�S�O�L�F�D�W�L�R�Q�� �G�H�� �G�L�J�H�V�W�D�W��

(Alburquerque et al., 2012; Odlare et al., 2014). À plus long terme, Wentzel et al. (2015) montrent une 

diminution de la biomasse microbienne rapportée �j���O�D���T�X�D�Q�W�L�W�p���G�H���&���G�X���V�R�O���O�R�U�V���G�H���O�¶�X�W�L�O�L�V�D�W�L�R�Q���G�H���G�L�J�H�V�W�D�W��

�S�D�U�� �U�D�S�S�R�U�W�� �j�� �O�¶�X�W�L�O�L�V�D�W�L�R�Q�� �G�¶�H�I�I�O�X�H�Q�W�V�� �G�¶�p�O�H�Y�D�J�H�����3�R�X�U�W�D�Q�W���� �G�¶�D�X�W�U�H�V�� �p�W�X�G�H�V�� �V�H�P�E�O�H�Q�W�� �P�R�Q�W�U�H�U�� �O�¶�L�Q�Y�H�U�V�H 

(Möller, 2015). L�¶�H�I�I�H�W���G�Hs épandages répétés de digestat sur les microorganismes du sol reste encore 

peu caractérisé. Il est donc �Q�p�F�H�V�V�D�L�U�H���G�H���F�R�Q�W�L�Q�X�H�U���G�H���V�¶�L�Q�W�p�U�H�V�V�H�U���j���O�¶�H�I�I�H�W���G�H�V���G�L�J�H�V�W�D�W�V���V�X�U���O�D���Y�L�H���G�X���V�R�O�� 

1.2.6 Digestat et émissions de gaz à effet de serre, dont le N2O 

Les émissions de N2O au champ sont liées à des processus microbiens. On présente souvent deux 

�S�U�R�F�H�V�V�X�V�� �j�� �O�¶�R�U�L�J�L�Q�H�� �G�H�V�� �p�P�L�V�V�L�R�Q�V�� �G�H�� �12O : la nitrification (transformation de NH4+ en NO3
-) et la 

dénitrification (transformation de NO3- en N2). La nitrification est essentiellement réalisée par des 

organismes autotrophes, en condition aérobie, même si des organismes hétérotrophes nitrificateurs 

existent. Les organismes dénitrificateurs sont en général hétérotrophes, la dénitrification ayant lieu en 

présence de matière organique et en condition anaérobie (Wrage et al., 2001). �1�p�D�Q�P�R�L�Q�V�����L�O���V�¶�D�J�L�W���G�¶�X�Q�H��

vision simplifiée���� �F�D�U�� �L�O�� �H�[�L�V�W�H�� �G�¶�D�X�W�U�H�V�� �Y�R�L�H�V�� �P�p�W�D�E�R�O�L�T�X�H�V�� �P�L�F�U�R�E�L�H�Q�Q�Hs qui peuvent en fait être 

responsables des émissions de N2O (Butterbach-Bahl et al., 2013). Les deux principaux déterminants 
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des émissions de N2�2���D�X���F�K�D�P�S���V�R�Q�W���O�D���W�H�P�S�p�U�D�W�X�U�H���H�W���O�¶�K�X�P�L�G�L�W�p���G�X���V�R�O�����/�¶�K�X�P�L�G�L�W�p���G�X���V�R�O���L�Q�I�O�X�H���V�X�U���O�D��

disponibilité en oxygène pour les microorganismes (Butterbach-Bahl et al., 2013). �'�¶�D�X�W�U�H�V�� �I�D�F�W�H�X�U�V��

influençant les émissions de N2O sont la texture, le pH et la densité apparente du sol, la quantité et la 

forme de l�¶�D�]�R�W�H���G�D�Q�V���O�H�� �V�R�O�����O�D���S�U�p�V�H�Q�F�H���G�H�� �S�R�O�O�X�D�Q�W���S�R�X�Y�D�Q�W���L�Q�K�L�E�H�U�� �O�H�V�� �U�p�D�F�W�L�R�Q�V���P�L�F�U�R�E�L�H�Q�Q�H�V����Les 

émissions de N2O sont particulièrement variables spatialement et temporellement (Williams et al., 

1999), ce qui rend leur estimation complexe. 

�/�R�U�V���G�H���O�¶�D�S�S�O�L�F�D�W�L�R�Q���G�H���3�5�2���R�X���G�¶�H�Q�J�U�D�L�V���D�]�R�W�p���P�L�Q�p�U�D�X�[�����R�Q���R�E�V�H�U�Y�H���H�Q���J�p�Q�p�U�D�O���X�Q���S�L�F���G�¶�p�P�L�V�V�L�R�Q�V���G�H��

N2O. La fertilisation avec des PRO apporte de la matière organique facilement dégradable, ce qui 

pourrait favoriser les activités microbiennes et donc les émissions de N2O (Butterbach-Bahl et al., 2013; 

Köster et al., 2011, 2015). Zhou et al. (2017) ont ainsi proposé que les effluents �G�¶�plevage auraient 

tendance à augmenter les émissions de N2O, par rapport aux engrais azoté minéraux, mais que cela 

dépend du type de sol et pourrait dépendre de la nature des effluents. Skinner et al. (2014) montrent que 

les émissions de N2O lors de fertilisations organiques sont inférieures à celles �p�P�L�V�H�V���O�R�U�V���G�H���O�¶�X�W�L�O�L�V�D�W�L�R�Q��

�G�¶�H�Q�J�U�D�L�V�� �G�H�� �V�\�Q�W�K�q�V�H�� �S�R�X�U�� �X�Q�H�� �P�r�P�H�� �V�X�U�I�D�F�H���� �P�D�L�V�� �V�X�S�p�U�L�H�X�Ues si on les rapportent à un même 

rendement. Les �I�D�F�W�H�X�U�V���G�¶�p�P�L�V�V�L�R�Q�V���D�V�V�R�F�L�p�V���j���O�¶�p�S�D�Q�G�D�J�H���G�H���3�5�2�����H�[�S�U�L�P�ps en prop�R�U�W�L�R�Q���G�H���O�¶�D�]�R�W�H��

total apporté, sont assez variables, et peuvent en moyenne varier de 0,03% à 2,4% 

(Charles et al., 2017). Un C/N faible et une quantité importante de C facilement dégradable semblent 

favoriser les émissions de N2O. Ces deux points concernent les digestats, qui sont classés comme des 

PRO sensibles aux émissions de N2O, de même que les lisiers, en opposition �j���G�¶�D�X�W�U�H�V���3�5�2���F�R�P�P�H���O�H�V��

composts (Charles et al., 2017). �'�H�V���I�D�F�W�H�X�U�V���G�¶�p�P�L�V�V�L�R�Q�V���G�H���12�2���D�V�V�R�F�L�p�V���j���O�¶�p�S�D�Q�G�D�J�H���G�H���G�L�J�H�V�W�D�W���V�R�Q�W��

présentés dans le Tableau 1.5. 

Les émissions de N2O après apports de digestats ont été étudiées de façon assez importante �j���O�¶�p�F�K�H�O�O�H��

de la parcelle (Häfner et al., 2021; Möller and Stinner, 2009; Nicholson et al., 2017; Verdi et al., 2019). 

Les émissions de N2O au champ après apports de digestats ont été rapportées supérieures à celles suivant 

�O�H�V�� �D�S�S�R�U�W�V�� �G�¶�H�Q�J�U�D�L�V�� �P�L�Q�p�U�D�X�[�� �S�D�U��Buchen-Tschiskale et al. (2020), Köster et al. (2011) et  

Verdi et al. (2019), et similaires par Köster et al. (2015) et Pezzolla et al. (2012). �7�R�X�M�R�X�U�V���j���O�¶�p�F�K�H�O�O�H��

de la parcelle, les émissions de N2O après apports de digestats liquides ou bruts ont été mesurées comme 

étant en général plus faibles ou similaires que celle des lisiers (Köster et al., 2015; Möller, 2015; Nkoa, 

2014; ten Huf and Olfs, 2020), ce qui pourrait être expliqué par la présence de moins de carbone 

facilement dégradable dans le digestat. 

Un certain nombre de pratiques peuvent influencer les émissions de N2O. La séparation de phase des 

digestats a été rapportée comme une mesure qui diminue les émissions de N2O au champ 

(Askri et al., 2016; Möller, 2015). �$�X�F�X�Q���H�I�I�H�W���Q�¶�D���p�W�p���P�H�V�X�U�p���S�D�U��Köster et al. (2015). Au champ, la 

�T�X�D�Q�W�L�W�p�� �G�¶�D�]�R�W�H�� �D�S�S�R�U�W�p et les conditions pédo-climatiques semblent être les principaux facteurs 

explicatifs des émissions ; en comparaison, le type de digestat �Q�¶�D�X�U�D�L�W�� �T�X�¶�X�Q�� �H�I�I�H�W�� �O�L�P�L�W�p�� �V�X�U�� �O�H�V��
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émissions (Häfner et al., 2021). L�¶�D�S�S�R�U�W�� �U�D�S�S�U�R�F�K�p�� �G�H�� �G�L�J�H�V�W�D�W�V�� �H�W�� �G�¶�H�Q�J�U�D�L�V�� �P�L�Q�p�U�D�X�[���S�R�X�U�U�D�L�W��

�D�X�J�P�H�Q�W�H�U���O�H�V���I�D�F�W�H�X�U�V���G�¶�p�P�L�V�V�L�R�Q�V�����F�R�P�P�H���P�R�Q�W�U�p���V�X�U���G�L�I�I�p�U�H�Q�W�V���3�5�2��(Charles et al., 2017). �/�¶�L�Q�M�H�F�W�L�R�Q��

des digestats liquides dans le �V�R�O�����T�X�L���O�L�P�L�W�H���O�H�V���p�P�L�V�V�L�R�Q�V���G�¶�D�P�P�R�Q�L�D�F�����V�H�P�E�O�H���I�D�Y�R�U�L�V�H�U���O�Hs émissions 

de N2O (Herr et al., 2019). �/�D�� �G�D�W�H�� �G�¶�D�S�S�O�L�F�D�W�L�R�Q�� �G�X�� �G�L�J�H�V�W�D�W�� �L�P�S�D�F�W�H�� �S�U�R�E�D�E�O�H�P�H�Q�W�� �O�H�V�� �p�P�L�V�V�L�R�Q�V�� �G�H��

N2O, comme montré par Bell et al. (2015) après des applications de lisier.  

Les émissions de N2�2���V�R�Q�W���V�X�V�F�H�S�W�L�E�O�H�V���G�¶�p�Y�R�O�X�H�U���j�� �O�R�Q�J���W�H�U�P�H���H�Q���F�D�V �G�¶�D�S�S�R�U�W�V���U�p�S�p�W�p�V���G�H���G�L�J�H�V�W�D�W�V����

Les émissions de N2O peuvent ainsi être influencées par les épandages antérieurs de PRO 

(Rosace et al., 2020). �/�¶�D�X�J�P�H�Q�W�D�W�L�R�Q�� �G�H�V�� �V�W�R�F�N�V�� �G�¶�D�]�R�W�H�� �G�D�Q�V�� �O�H�V�� �V�R�O�V�� �j�� �O�R�Q�J�� �W�H�U�P�H�� �S�R�X�U�U�D�L�H�Q�W�� �D�X�V�V�L��

augmenter le potentiel des sols à émettre du N2O, ce qui demande à être étudié (Guenet et al., 2021). 

La thématique des émissions de N2O est largement explorée dans la littérature. Une limite des 

connaissances actuelles est due au fait que les émissions de N2O sont sensibles à beaucoup de pratiques, 

que cette sensibilité peut varier en fonction des études, et que cette sensibilité est souvent masquée par 

�G�H�V���H�I�I�H�W�V���S�p�G�R�F�O�L�P�D�W�L�T�X�H�V�����(�Q���F�R�Q�V�p�T�X�H�Q�F�H�����O�H�V���U�p�V�X�O�W�D�W�V���R�E�W�H�Q�X�V���V�X�U���O�¶�H�I�I�H�W���G�H���O�D���G�L�J�H�V�W�L�R�Q���G�H�V���H�I�I�O�X�H�Q�W�V, 

de la séparation de phase des digestats, d�H�V�� �G�D�W�H�V�� �G�¶�D�S�S�R�U�W�V����des différents types de digestats, restent 

encore peu sûrs dans �O�¶�p�W�D�W���G�H�V connaissances actuelles. 

Enfin, quelques articles mesurent des émissions de méthane (CH4) �O�R�U�V���G�H���O�¶�p�S�D�Q�G�D�J�H���G�H���G�L�Jestats au 

champ. Les émissions de CH4 sont en général très faibles, �G�H���O�¶�R�U�G�U�H���G�H�����������j���������G�H�V���p�P�L�V�V�L�R�Q�V���G�H���&�22 

induite�V���S�D�U���O�¶�p�S�D�Q�G�D�J�H (Czubaszek and Wysocka-Czubaszek, 2018; Holly et al., 2017; Pezzolla et al., 

2012; Rosace et al., 2020; Tiwary et al., 2015).  

Tableau 1.5 �± �4�X�H�O�T�X�H�V���I�D�F�W�H�X�U�V���G�¶�p�P�L�V�V�L�R�Q�V���G�H���12�2���D�V�V�R�F�L�p�H�V���j���O�¶�p�S�D�Q�G�D�J�H���G�H���G�L�J�H�V�W�D�W�V 

Référence �)�D�F�W�H�X�U���G�¶�p�P�L�V�V�L�R�Q�V���G�H���12O (% N total) 

Charles et al. (2017) 0,9 

Nicholson et al. (2017) 0,3 �± 0,5 

Häfner et al. (2021) 0,2 �± 0,7 

Möller et Stinner (2009) 1,3 - 1,4 

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

 

1.2.7 Digestat et lixiviation de nitrate 

�/�¶�D�]�R�W�H���V�R�X�V���I�R�U�P�H���G�H���Q�L�W�U�D�W�H�����1�23
-) présent dans les sols agricoles peut être lixivié et être emporté dans 

les eaux de surface et souterraines. �/�D���O�L�[�L�Y�L�D�W�L�R�Q���G�H�V���Q�L�W�U�D�W�H�V���H�V�W���X�Q�H���G�H�V���V�R�X�U�F�H�V���G�H���O�¶�H�X�W�U�R�S�K�L�V�D�W�L�R�Q���G�H�V��

eaux de surface, avec, entre autres, des risques de perte de biodiversité. Une eau avec une trop forte 

concentration en nitrates est impropre à la consommation, ce qui est une cause de fermeture de captage 

�G�¶�H�D�X���S�R�W�D�E�O�H��(Pinay et al., 2017; SDES and OFB, 2020). 
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La lixiviation des nitrates �H�V�W���F�D�X�V�p�H���O�R�U�V���G�¶�X�Q�H���S�p�U�L�R�G�H���G�H���G�U�D�L�Q�D�J�H���F�R�w�Q�F�L�G�D�Q�W��avec une période où la 

concentration en nitrates dans les sols est importante. Dans les climats tempérés français, ceci est 

�W�\�S�L�T�X�H�P�H�Q�W���O�H���F�D�V���H�Q���I�L�Q���G�¶�D�X�W�R�P�Q�H���H�W���G�p�E�X�W���G�¶�K�L�Y�H�U�����/�H�V���P�H�V�X�U�H�V���T�X�L���O�L�P�L�W�Hnt la lixiviation du nitrate 

consiste à diminuer la réserve en nitrates dans les sols avant les périodes de drainage, par exemple par 

�O�D���U�p�J�X�O�D�W�L�R�Q���H�W���O�¶�R�S�W�L�P�L�V�D�W�L�R�Q���G�H�V���D�S�S�R�U�W�V���G�¶�D�]�R�W�H�����R�X���O�D���P�L�V�H���H�Q���S�O�D�F�H���G�¶�X�Q���F�R�X�Y�H�U�W���Y�p�J�p�W�D�O���D�X���O�L�H�X���G�¶�X�Q��

�V�R�O���Q�X���S�R�X�U���F�D�S�W�H�U���O�¶�D�]�R�W�H���G�X���V�R�O��(Di and Cameron, 2002).  

Comme avec les autres PRO, les digestats peuvent �r�W�U�H���j���O�¶�R�U�L�J�L�Q�H���G�H���O�L�[�L�Y�L�D�W�L�R�Q���G�H���Q�L�W�U�D�W�Hs (Nicholson 

et al., 2017). Celle-ci est principalement influencée par les pratiques agricoles liées �j���O�¶�p�S�D�Q�G�D�J�H���G�H���3�5�2��

(cultures, dates, doses), ainsi que par le type de sol et les conditions météorologiques (Möller, 2015; 

Räbiger et al., 2020). Avec une approche de modélisation, Räbiger et al. (2020) suggèrent �T�X�¶en cas 

�G�¶�D�S�S�R�U�W �G�¶�D�]�R�W�H���P�L�Q�p�U�D�O���V�L�P�L�O�D�L�U�H���D�Y�H�F���G�H�V���G�L�J�H�V�W�D�W�V���H�W���G�H�V���H�Q�J�U�D�L�V��synthétiques, les digestats pourraient 

causer une lixiviation légèrement plus importante, entre autres, �H�Q���U�D�L�V�R�Q���G�H���O�D���P�L�Q�p�U�D�O�L�V�D�W�L�R�Q���G�H���O�¶�D�]�R�W�H��

organique des digestats. �/�¶�D�]�R�W�H���O�H�V�V�L�Y�p���U�H�S�U�p�V�H�Q�W�H�������j�����������G�H���O�¶�D�]�R�W�H���D�S�S�R�U�W�p���G�D�Q�V���O�D���V�L�P�X�O�D�W�L�R�Q�� 

1.3 Modification des flux de C et N �j���O�¶�p�F�K�H�O�O�H���G�H���O�¶�H�[�S�O�R�L�W�D�W�L�R�Q 

avec la méthanisation 

1.3.1 Comment la méthanisation influe-t-elle sur les flux de C et N à 

�O�¶�p�F�K�H�O�O�H���G�H���O�¶�H�[�S�O�R�L�W�D�W�L�R�Q ? 

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

différentes de celles des effluents �G�¶�p�O�H�Y�D�J�H��non digérés, et que cela pouvait changer les cycles du N et 

du C lo�U�V���G�H���O�H�X�U���p�S�D�Q�G�D�J�H���D�X���F�K�D�P�S�����1�p�D�Q�P�R�L�Q�V�����j���O�¶�p�F�K�H�O�O�H���G�¶�X�Q�H���H�[�S�O�R�L�W�D�W�L�R�Q���D�J�U�L�F�R�O�H���� �O�¶�L�P�S�R�U�W���G�H��

déchets à digérer va influencer à la fois les caractéristiques des digestats, mais aussi leurs quantités. La 

gestion des PRO initiaux, et en particulier leur temps et conditions de stockage, peut être modifiée, 

entraînant une modification de leurs caractéristiques. Le système agricole peut aussi être influencé lors 

�G�H���O�¶�L�Q�W�U�R�G�X�F�W�L�R�Q���G�¶�X�Q���P�p�W�K�D�Q�L�V�H�X�U�����S�D�U���H�[�H�P�S�O�H���D�X���Q�L�Y�H�D�X���G�H���O�D���J�H�V�W�L�R�Q���G�H�V���U�p�V�L�G�X�V���G�H���F�X�O�W�X�U�H�V�����G�H la 

gestion de la fertilisation �R�X�� �G�H�� �O�¶�D�V�V�R�O�H�P�H�Q�W���� �� �&�H�V�� �F�K�D�Q�J�H�P�H�Q�W�V���� �S�U�p�V�H�Q�W�p�V�� �G�D�Q�V�� �O�D��Figure 1.4, vont 

influencer les cycles du C et du N. L�¶�p�F�K�H�O�O�H��de la parcelle agricole ne permet pas la considération de 

ces effets. Aussi, �O�¶�p�F�K�H�O�O�H���G�H���O�¶�H�[�S�O�R�L�W�D�W�L�R�Q semble donc pertinente pour analyser les conséquences de 

la méthanisation. Cette section détaille les différents effets �G�H���O�¶�L�Q�W�U�R�G�X�F�W�L�R�Q���G�¶�X�Q���P�p�W�K�D�Q�L�V�H�X�U���V�X�U���O�H�V��

flux de �&���H�W���1���j���O�¶�p�F�K�H�O�O�H���G�H���O�¶�H�[�S�O�R�L�W�D�W�L�R�Q�� 
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Figure 1.4 �± �/�¶�L�Q�W�U�R�G�X�F�W�L�R�Q���G�¶�X�Q���P�p�W�K�D�Q�L�V�H�X�U���G�D�Q�V���X�Q�H���H�[�S�O�R�L�W�D�W�L�R�Q���H�Q���S�R�O�\�F�X�O�W�X�U�H���p�O�H�Y�D�J�H���L�Q�I�O�X�H�Q�F�H��

les cycles du C et du N. Le cadre représente les limites du système, �F�¶�H�V�W-à-�G�L�U�H�� �O�¶�H�[�S�O�R�L�W�D�W�L�R�Q���� �H�Q��

�H�[�F�O�X�D�Q�W���O�¶�p�O�H�Y�D�J�H���T�X�H���O�¶�R�Q���V�X�S�S�R�V�H���Q�R�Q���P�R�G�L�I�L�p���O�R�U�V���G�H���O�¶�L�Q�V�W�D�O�O�D�W�L�R�Q���G�¶�X�Q���P�p�W�K�D�Q�L�V�H�X�U�� 

1.3.2 �%�L�O�D�Q�V���&���H�W���1���j���O�¶�p�F�K�H�O�O�H���G�H���O�D���I�H�U�P�H���H�W���H�I�I�H�W���G�H���O�¶�L�P�S�R�U�W��de déchets 

extérieurs 

Lors de la méthanisation agricole, les effluents sont souvent codigérés et des déchets extérieurs peuvent 

donc être importés sur la ferme pour la méthanisation. Cela a pour conséquence un import de nutriments 

avec ces matières organiques, et donc des flux supplémentaires de MO et N vers les sols via les digestats. 

À �O�¶�D�L�G�H���G�¶�X�Q���E�L�O�D�Q���G�H���P�D�V�V�H���V�X�U���X�Q���P�p�W�K�D�Q�L�V�H�X�U����Camarillo et al, (2013) montrent que ces apports de 

déchets extérieurs représentent une fraction non négligeable de la matière organique dans le digesteur 

et donc de la production totale de biogaz. Ils contribuent également à augmenter les nutriments présents 

dans le digesteur. La digestion est en général conservative pour les nutriments comme le N, le P, et le 

�.���� �H�W���O�D���P�D�V�V�H���G�H���G�L�J�H�V�W�D�W���H�V�W���W�U�q�V���S�U�R�F�K�H���G�H���O�D���P�D�V�V�H���G�¶�L�Q�W�U�D�Q�W�V��(Banks et al., 2011; Camarillo et al., 

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

de la quantité de digestat à épandre�����D�L�Q�V�L���T�X�¶�X�Q�H���D�X�J�P�H�Q�W�D�W�L�R�Q���G�H�V���Q�X�W�U�L�P�H�Q�W�V���G�L�V�S�R�Q�L�E�O�H�V���G�D�Q�V���O�H�V���3�5�2��

�j���O�¶�p�F�K�H�O�O�H���G�H���O�D���I�H�U�P�H�����/�¶�L�P�S�R�U�W�D�Q�F�H��de cet effet dépend en toute vraisemblance de la quantité de déchets 

�L�P�S�R�U�W�p�V�����H�W���Q�¶�D���T�X�H���W�U�q�V���S�H�X���p�W�p���F�D�U�D�F�W�p�U�L�V�pe. Möller (2009) a réalisé des estimations de bilan de C et N 

�j���O�¶�p�F�K�H�O�O�H���G�¶�X�Q�H���I�H�U�P�H���H�Q���S�R�O�\�F�X�O�W�X�U�H���p�O�H�Y�D�J�H�����D�Y�H�F���R�X���V�D�Q�V���P�p�W�K�D�Q�L�V�D�W�L�R�Q�����,�O���Hstime que la digestion 
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des effluents bovins seule �Q�H�� �Y�D�� �T�X�H�� �S�H�X�� �D�I�I�H�F�W�H�U�� �O�H�V�� �E�L�O�D�Q�V�� �&�� �H�W�� �1�� �j�� �O�¶�p�F�K�H�O�O�H�� �G�H�� �O�D�� �I�H�U�P�H���� �P�D�L�V�� �T�X�H��

�O�¶�L�P�S�R�U�W�� �G�H�� �V�X�E�V�W�U�D�Ws extérieurs pourrait augmenter les apports de C et N au champ, avec comme 

conséquences plus de fuites azotées et plus de stockage de MOS. Cette augmentation de la quantité de 

nutriments pe�X�W�� �F�R�Q�W�U�L�E�X�H�U�� �j�� �O�D�� �G�L�P�L�Q�X�W�L�R�Q�� �G�H�V�� �D�F�K�D�W�V�� �G�¶�H�Q�J�U�D�L�V���G�H�� �V�\�Q�W�K�q�V�H���� �$�L�Q�V�L���� �H�Q�� �)�U�D�Q�F�H����

�O�¶�L�Q�V�W�D�O�O�D�W�L�R�Q���G�¶�X�Q���P�p�W�K�D�Q�L�V�H�X�U���S�H�X�W���S�H�U�P�H�W�W�U�H���X�Q�H���G�L�P�L�Q�X�W�L�R�Q���G�H�V���D�F�K�D�W�V���G�¶�H�Q�J�U�D�L�V���V�\�Q�W�K�p�W�L�T�X�H�V��azotés 

de 20% dans certains cas (ADEME et SOLAGRO, 2018). �/�¶�p�W�X�G�H���Q�H���S�H�U�P�H�W���S�D�U���F�R�Q�W�U�H���S�D�V���G�¶�L�Q�W�H�U�S�U�p�W�H�U��

�j�� �T�X�H�O�� �S�R�L�Q�W�� �F�H�W�W�H�� �G�L�P�L�Q�X�W�L�R�Q�� �G�H�� �O�¶�D�F�K�D�W�� �G�¶�H�Q�J�U�D�L�V���H�V�W�� �O�L�pe �j�� �O�¶�L�P�S�R�U�W�� �G�H�� �Q�X�W�U�L�P�H�Q�W�V�� �V�X�U�� �O�D�� �I�H�U�P�H���� �S�D�U��

�U�D�S�S�R�U�W���j�� �G�¶�D�X�W�U�H�V���H�I�I�H�Ws possibles comme le changement de qualité des PRO (effluents �G�¶�p�O�H�Y�D�J�H��ou 

digestats) �R�X���O�H���F�K�D�Q�J�H�P�H�Q�W���G�H���O�¶�D�V�V�R�O�H�P�H�Q�W�� 

�/�H�V�� �I�O�X�[�� �G�H�� �Q�X�W�U�L�P�H�Q�W�V�� �j�� �O�¶�p�F�K�H�O�O�H�� �G�H�� �O�D�� �I�H�U�P�H�� �R�Q�W���p�W�p�� �X�W�L�O�L�V�p�V�� �S�R�X�U�� �p�Y�D�O�X�H�U�� �O�D�� �S�H�U�I�R�U�P�D�Q�F�H��

environnementale de différentes fermes (Bassanino et al., 2007; Haas et al., 2007; van Leeuwen et al., 

2019; Watson et al., 2002). Ils peuvent être utilisés comme outil de dialogue avec les agriculteurs pour 

améliorer les performances environnementales des exploitations (Fangueiro et al., 2008b). Ces 

approches pourraient être utilisées pour étudier les fermes pratiquant la méthanisation. 

1.3.3 �&�K�D�Q�J�H�P�H�Q�W�� �G�H�� �S�U�D�W�L�T�X�H�V�� �D�J�U�L�F�R�O�H�V�� �O�L�p�H�V�� �j�� �O�¶�L�Q�W�U�R�G�X�F�W�L�R�Q�� �G�¶�X�Q��

méthaniseur 

À �O�¶é�F�K�H�O�O�H�� �G�¶�X�Qe exploitation agricole en polyculture élevage, �O�¶�L�Q�W�U�R�G�X�F�W�L�R�Q�� �G�¶�X�Q��méthaniseur peut 

causer un changement de pratiques agricoles. �7�R�X�W���G�¶�D�E�R�U�G�����O�¶�L�Q�I�U�D�V�W�U�X�F�W�X�U�H���G�H���O�D���I�H�U�P�H���S�H�X�W���F�K�D�Q�J�H�U����

en particulier la capacité de stockage des PRO et la quantité de PRO à épandre. Cela peut induire un 

�F�K�D�Q�J�H�P�H�Q�W���G�H�V���G�D�W�H�V���G�¶�D�S�S�O�L�F�D�W�L�R�Q�V���G�H�V���3�5�2���G�H���S�D�U���O�¶�D�O�O�q�J�H�P�H�Q�W���R�X���O�H���U�H�Q�I�R�U�F�H�P�H�Q�W���G�H�V���F�R�Q�W�U�D�L�Q�W�H�V��

logistiques. �/�¶�D�V�V�R�O�H�P�H�Q�W�� �S�H�X�W�� �r�W�U�H�� �L�Q�I�O�X�H�Q�F�p�� �S�D�U�� �O�¶�L�Q�W�U�R�G�X�F�W�L�R�Q�� �G�¶�X�Q�� �P�p�W�K�D�Q�L�V�H�X�U���� �'�D�Q�V�� �O�D�� �U�p�J�L�R�Q�� �G�H��

Hesse en Allemagne, Lüker-Jans et al. (2017) ont �D�L�Q�V�L���P�R�Q�W�U�p���X�Q�H���F�R�U�U�p�O�D�W�L�R�Q���H�Q�W�U�H���O�¶�L�Q�W�U�R�G�X�F�W�L�Rn de la 

�P�p�W�K�D�Q�L�V�D�W�L�R�Q���H�W���O�¶�D�X�J�P�H�Q�W�D�W�L�R�Q���G�H�V���V�X�U�I�D�F�Hs de maïs, récolté comme culture énergétique. Toujours en 

Allemagne, Möller et al. (2011) observent aussi une importante augmentation des cultures de maïs sur 

�������I�H�U�P�H�V���D�S�U�q�V���O�¶�L�P�S�O�D�Q�W�D�W�L�R�Q���G�¶�L�P�S�R�U�W�D�Q�W�V���P�pthaniseurs à proximité ; �S�U�q�V���G�¶�X�Q���W�L�H�U�V���G�H���O�¶�D�V�V�R�O�H�P�H�Q�W��

de ces fermes sont dédiés à la culture de maïs en tant que culture énergétique. En France, les cultures 

principales ne peuvent pas excéder 15% des intrants du méthaniseur ; �O�H���F�K�D�Q�J�H�P�H�Q�W���G�¶�D�V�V�R�O�H�P�H�Q�W reste 

donc plus limité. Néanmoins, des cultures intermédiaires à vocation énergétique (CIVE) peuvent être 

ajoutées �j���O�¶�D�V�V�R�O�H�P�H�Q�W (ADEME et SOLAGRO, 2018), ce qui peut tendre à modifier la rotation. Les 

effets des cultures intermédiaires ���G�L�P�L�Q�X�W�L�R�Q���G�H���O�D���O�L�[�L�Y�L�D�W�L�R�Q�����G�H���O�¶�p�U�R�V�L�R�Q���H�W���G�X���G�U�D�L�Q�D�J�H�����G�H�P�D�Q�G�H���H�Q��

eau, compétition avec les adventices, stockage de carbone, engrais vert) sont également attendus avec 

�G�H�V���&�,�9�(�����P�D�L�V���O�¶�D�X�J�P�H�Q�W�D�W�L�R�Q���G�X���W�H�P�S�V���G�H���F�R�X�Y�H�U�W�X�U�H�����O�H�V���G�D�W�H�V���G�H���V�H�P�L�V���G�L�I�I�p�U�H�Q�Wes, et leur modalité 

de récolte peuven�W���P�R�G�L�I�L�H�U���O�¶�D�P�S�O�L�W�X�G�H���G�H�V���H�I�I�H�W�V (Constantin et Launay, 2020). Enfin, les résidus de 

cultures, comme les pailles, peuvent être exportés du champ et méthanisé�V�����S�O�X�W�{�W���T�X�¶�H�Q�I�R�X�Ls. 
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Ces changements de pratiques culturale�V���S�H�X�Y�H�Q�W���D�Y�R�L�U���G�H�V���H�I�I�H�W�V���V�X�U���O�H�V���F�\�F�O�H�V���G�H���O�¶�D�]�R�W�H���H�W���G�X���F�D�U�E�R�Q�H��

�D�X���F�K�D�P�S�����'�X���S�R�L�Q�W���G�H���Y�X�H���G�H���O�¶�D�]�R�W�H����ils peuvent affecter la lixiviation de nitrate (Möller, 2015): 

- L�D�� �V�D�L�V�R�Q�� �G�¶�D�S�S�O�L�F�D�W�L�R�Q�� �G�H�V�� �3�5�2�� �S�H�X�W�� �r�W�U�H�� �P�R�G�L�I�L�p�H ; �O�H�V�� �D�S�S�R�U�W�V�� �G�¶�D�X�W�R�P�Q�H�� �I�D�Y�R�U�L�V�Hnt la 

lixiviation par rapport aux apports de printemps. 

- Le changement du type de culture intermédiaire peut influencer la lixiviation. 

- �(�Q���F�D�V���G�H���F�K�D�Q�J�H�P�H�Q�W���G�¶�D�V�V�R�O�H�P�H�Q�W�����O�H�V���Q�R�X�Y�H�O�O�H�V���F�X�O�W�X�U�H�V���S�H�X�Y�H�Q�W���r�W�H�V���S�O�X�V���R�X���P�R�L�Q�V���V�H�Q�V�L�E�O�H�V��

à la lixiviation par rapport aux anciennes. 

Lors de la méthanisation des cultures intermédiaires, leur export plutôt que leur enfouissement peut 

�G�L�P�L�Q�X�H�U���O�D���P�L�Q�p�U�D�O�L�V�D�W�L�R�Q���G�H���O�¶azote�����/�¶�D�]�R�W�H���D�L�Q�V�L���H�[�S�R�U�W�p���H�V�W���U�p�D�S�S�O�L�T�X�p��via les digestats, à un autre 

moment voire sur un autre champ. Cel�D���F�K�D�Q�J�H���O�H�V���G�\�Q�D�P�L�T�X�H�V���G�H���O�¶�D�]�R�W�H���G�D�Q�V���O�H���V�R�O�����F�H���T�X�L���S�H�X�W���L�Q�I�O�X�H�U��

sur les émissions de N2O (Brozyna et al., 2013). Ainsi, Möller and Stinner (2009) ont comparé des 

systèmes de culture sur une ferme avec ou sans méthanisation. Les auteurs montrent que la récolte des 

cultures intermédiaires diminue les émissions de N2O juste après leur récolte et que le report 

�G�¶�D�S�S�O�L�F�D�W�L�R�Q de cet azote via les digestats augmente les émissions de N2O juste après la fertilisation : 

au total, la récolte et la méthanisation des cultures contribue globalement à diminuer les émissions de 

N2O.  

�8�Q�� �F�K�D�Q�J�H�P�H�Q�W�� �L�P�S�R�U�W�D�Q�W�� �G�H�� �O�¶�D�V�V�R�O�H�P�H�Q�W�� �S�H�X�W�� �D�I�I�H�F�W�H�U�� �O�H�V�� �T�X�D�Q�W�L�W�p�V�� �G�¶�H�Q�J�U�D�L�V�� �G�H�� �V�\�Q�W�K�q�V�H�� �X�W�L�O�L�V�p�H�V. 

Möller et al. (2011) observent, par exemple, une augmentation des achat�V���G�¶�H�Q�J�U�D�L�V���D�]�R�W�ps après que les 

surfaces �G�H���P�D�w�V���D�L�H�Q�W���D�X�J�P�H�Q�W�p���G�D�Q�V���O�¶�D�V�V�R�O�H�P�H�Q�W�� En ce qui concerne la volatilisation �G�¶�D�P�P�R�Q�L�D�F, 

�O�H�V���U�R�W�D�W�L�R�Q�V���F�X�O�W�X�U�D�O�H�V���S�H�X�Y�H�Q�W���M�R�X�H�U���V�X�U���O�H�V���G�D�W�H�V���G�¶�D�S�S�R�U�W���H�W���G�R�Q�F���O�H�V���F�Rnditions météorologiques et 

�O�¶�L�P�S�R�U�W�D�Q�F�H���G�H���O�D��volatilisation (Quakernack et al., 2012). 

Du point de vue du carbone, �O�¶�D�X�J�P�H�Q�W�D�W�L�R�Q���G�H���S�U�R�G�X�F�W�L�R�Q���G�H���&�,�9�(���S�H�X�W���D�X�J�P�H�Q�W�H�U���O�H���V�W�R�F�N�D�J�H���G�H���&��

du sol via les apports de C racinaire. �¬�� �O�¶�L�Q�Y�H�U�V�H���� �O�D�� �P�p�W�K�D�Q�L�V�D�W�L�R�Q�� �S�H�X�W�� �L�Q�G�X�L�U�H�� �X�Q�� �Q�R�X�Y�H�O�� �H�[�S�R�U�W�� �G�H��

biomasse auparavant enfouie (culture intermédiaire ou résidus de culture). La matière organique des 

végétaux est alors méthanisée puis retournée au sol sous forme de digestat. Des interrogations se posent 

pour savoir si cette pratique induit ou non une diminution des stocks de MOS (Constantin et Launay, 

2020).  

�(�Q�� �F�R�Q�F�O�X�V�L�R�Q���� �O�¶�L�Q�W�U�R�G�X�F�W�L�R�Q�� �G�¶�X�Q�� �P�p�W�K�D�Q�L�V�H�X�U�� �S�H�X�W�� �L�Q�I�O�X�H�Q�F�H�U�� �O�H�� �V�\�V�W�q�P�H�� �D�J�U�L�F�R�O�H�� �G�H�� �O�¶�H�[�S�O�R�L�W�D�W�L�R�Q����

Pour de nombreuses raisons, ceci peut influencer les cycles du C et du N au champ. Ces changements 

ont des impacts multiples, qui sont encore difficiles à synthétiser. Il y a donc un intérêt fort à étudier 

�O�¶�H�I�I�H�W���G�X���U�H�P�S�O�D�F�H�P�H�Q�W���G�H�V�� �H�I�I�O�X�H�Q�W�V�� �G�¶�p�O�H�Y�D�J�H��par des digestats avec des approches qui considèrent 

�O�¶�H�Qsemble de la rotation agricole �H�W���G�H���O�D���V�R�O�H���G�H���O�¶�H�[�S�O�R�L�W�D�W�L�R�Q, et de mener des études qui considèrent 

�O�¶�H�Q�V�H�P�E�O�H���G�H�V���I�O�X�[ �G�¶�D�]�R�W�H���H�W���G�H��carbone, qui interagissent fortement entre eux. 
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1.3.4 Emissions gazeuses lors du stockage des PRO, émissions fugitives 

du méthaniseur 

Lors de leur stockage, les PRO sont sujets à des émissions gazeuses, incluant des émissions de CO2, 

CH4, N2O, NH3. Les émissions gazeuses issues du stockage des lisiers et fumiers ont été intensément 

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

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

Walling et Vaneeckhaute, 2020b). Ces émissions gazeuses sont dues à différents processus biologiques 

et physico-chimiques. Les microorganismes décomposent la matière organique des PRO, en conditions 

aérobies (émissions de CO2) ou anaérobies (émissions de CO2 et de CH4), ce qui cause également la 

�P�L�Q�p�U�D�O�L�V�D�W�L�R�Q���G�H���O�¶�D�]�R�W�H���R�U�J�D�Q�L�T�X�H�����4�X�D�Q�G���O�H�V���F�R�Q�G�L�W�L�R�Q�V��sont aérobies, par exemple lors du stockage 

des PRO solides���� �R�X�� �V�X�U�� �O�D�� �F�U�R�€�W�H�� �G�H�� �V�X�U�I�D�F�H�� �O�R�U�V�� �G�X�� �V�W�R�F�N�D�J�H�� �G�H�V���O�L�V�L�H�U�V���� �O�¶�D�]�R�W�H�� �P�L�Q�p�U�D�O��peut être 

transformé par les microorganismes par nitrification (NH4
+ �Æ NO3

-) et dénitrification (NO3
- �Æ N2), à 

�O�¶�R�U�L�J�L�Q�H�� �G�¶�p�P�L�V�V�L�R�Q�V�� �G�H�� �12O et de N2 (Chadwick et al., 2011)���� �'�H�� �O�D�� �P�r�P�H�� �I�D�o�R�Q�� �T�X�¶�D�X�� �V�R�O�� �D�S�U�q�V��

�p�S�D�Q�G�D�J�H�����O�H�V���L�R�Q�V���D�P�P�R�Q�L�X�P���V�R�Q�W���H�Q���p�T�X�L�O�L�E�U�H���D�Y�H�F���O�¶�D�P�P�R�Q�L�D�F���J�D�]�H�X�[�����T�X�L���S�H�X�W���Y�R�O�D�W�L�O�L�V�H�U�����p�P�L�V�V�L�R�Q�V��

de NH3). Les PRO liquides (lisiers, digestats bruts, digestats liquides) sont donc soumis à des émissions 

de CO2, CH4, NH3 (Amon et al., 2006; Owen and Silver, 2015). Des émissions de N2O et de N2 sont 

également possibles, même si elles ne sont pas toujours détectées (Clemens et al., 2006; Rodhe et al., 

2015). Les PRO solides (fumiers, digestats solides) sont soumis à des émissions de CO2, NH3, N2O et 

N2, et dans une moindre mesure aux émissions de CH4 (Amon et al., 2006; Owen and Silver, 2015). Des 

exemples �G�H���I�D�F�W�H�X�U�V���G�¶�p�P�L�V�V�L�R�Q�V���G�H���&�+4, N2O, et NH3 sont indiqués dans le Tableau 1.6 

Différents facteurs peuvent influencer les émissions gazeuses lors du stockage des PRO. Lors du 

stockage des lisiers ou des digestats, une croûte naturelle peut se former, ce qui affecte les émissions 

gazeuses �����L�O���V�¶�D�J�L�W���G�¶�X�Q�H���F�R�X�Y�H�U�W�X�U�H���Q�D�W�X�U�H�O�O�H qui limite les échanges gazeux �H�W���G�¶�X�Q�H��zone où se côtoient 

des conditions aérobies et anaérobies, ce qui peut aussi augmenter les émissions de N2O (Chadwick et 

al., 2011). La �F�R�X�Y�H�U�W�X�U�H�� �G�¶�X�Q�H�� �O�D�J�X�Q�H�� �G�H�� �V�W�R�F�N�D�J�H�� �G�H�� �3�5�2�� �O�L�T�X�L�G�H���G�L�P�L�Q�X�H�� �I�R�U�W�H�P�H�Q�W�� �O�H�V�� �p�P�L�V�V�L�R�Q�V��

�G�¶�D�P�P�R�Q�L�D�F (60% à 90% de réduction) (Clemens et al., 2006; Kupper et al., 2020). Une couverture peut 

également diminuer les émissions de CH4, �P�D�L�V�� �O�¶�H�I�I�L�F�D�F�L�W�p�� �H�V�W�� �P�R�L�Q�V��prononcée que pour le NH3 

(Clemens et al., 2006; Kupper et al., 2020; Rodhe et al., 2015). Il est possible de récupérer le méthane 

�p�P�L�V���O�R�U�V���G�X���V�W�R�F�N�D�J�H���G�H�V���G�L�J�H�V�W�D�W�V���j���O�¶�D�L�G�H���G�¶�X�Q�H���F�R�X�Y�H�U�W�X�U�H���V�S�p�F�L�I�L�T�X�H��(Balsari et al., 2013). Les effets 

sur les émissions de N2O sont variables (Kupper et al., 2020). �/�¶�D�F�L�G�L�I�L�F�D�W�L�R�Q���R�X���O�D���G�L�O�X�W�L�R�Q���G�H�V���3�5�2��

peuvent également réduire les émissions (Kupper et al., 2020). La hausse de la température est connue 

pour favoriser les émissions gazeuses au stockage (Baldé et al., 2018; Gioelli et al., 2011; Kaparaju and 

Rintala, 2003; Kimura et al., 2019; Sommer, 1997). La vitesse du vent peut aussi impacter la 

�Y�R�O�D�W�L�O�L�V�D�W�L�R�Q���G�¶�D�P�P�R�Q�L�D�F��(Baldé et al., 2018). Une des conséquences est un possible effet de la gestion 

des stocks de digestat sur les émissions �����O�D���S�p�U�L�R�G�H���G�H���O�¶�D�Q�Q�p�H���j���O�D�T�X�H�O�O�H���O�H�V���G�L�J�H�V�W�D�W�V sont stockés ou 

épandus pourrait influencer les émissions, comme montré par modélisation (Ericsson et al., 2020). 
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Malgré les nombreuses mesures rapportées dans la bibliographie, la diversité des PRO, de 

�O�¶�H�Q�Y�L�U�R�Q�Q�H�P�H�Q�W�� �G�H�� �V�W�R�F�N�D�J�H�� ���H�Q�Y�L�U�R�Q�Q�H�P�H�Q�W���� �G�X�U�p�H�����W�H�P�S�p�Uature), des méthodes de mesures et des 

méthodes de gestion des effluents (retournement et/ou compaction pour les PRO solides, présence et 

type de couverture pour les PRO liquides, séparation de phase) complexifie la synthèse de ces émissions 

(Kupper et al., 2020; Vigan et al., 2019). Les émissions lors du stockage des effluents contribuent de 

manière importante aux émissions de GES �j�� �O�¶�p�F�K�H�O�O�H�� �G�¶�X�Q�H�� �I�H�U�P�H��(Baral et al., 2018). De par leur 

importance, ces émissions vont donc avoir un effet sur la qualité des digestats. 

�/�R�U�V���G�H���O�¶�L�Q�W�U�R�G�X�F�W�L�R�Q���G�¶�X�Q���P�p�W�K�D�Q�L�V�H�X�U�����O�H�V���H�I�I�O�X�H�Q�W�V���G�¶�p�O�H�Y�D�J�H��sont souvent utilisés directement dans 

le digesteur avec un stockage réduit. Il y a donc une réduction des émissions au stockage des effluents 

non digérés, mais en contrepartie des émissions ont lieu au stockage du digestat. Les émissions au 

stockage des digestats sont influencées par plusieurs facteurs : 

- La méthanisation induit un changement de teneurs en C et en N et peut changer la masse totale 

de PRO. La quantité absolue de matière pouvant être soumise aux émissions sera donc différente 

en présence ou absence de méthaniseur. 

- La méthanisation stabilise la matière organique �H�W���P�L�Q�p�U�D�O�L�V�H���X�Q�H���S�D�U�W�L�H���G�H���O�¶�D�]�R�W�H���Rrganique. 

Ce changement de qualité des PRO peut influencer les émissions. 

- En fonction de la nature des effluents (lisier liquide et/ou fumier solide) et de la séparation de 

phase ou non du digestat (stockage de digestat brut ou de digestats liquides et solides), les 

conditions aérobies ou anaérobies de stockage sont modifiées, ce qui va donc influencer les 

émissions. 

- La durée de stockage peut être modifiée. 

- Les infrastructures de stockage peuvent être modifiées, ce qui impacte les émissions. 

La méthanisation consomme une partie de la matière organique, le carbone est exporté sous forme de 

biogaz. Durant la méthanisation, la matière organique résiduelle se stabilise. Les émissions de méthane 

au stockage des digestats sont donc en général plus faibles que celles des effluents non digérés (Amon 

et al., 2006; Clemens et al., 2006; Maldaner et al., 2018)�����P�r�P�H���V�L���O�¶�L�Q�Y�H�U�V�H���D���S�D�U�I�R�L�V���p�W�p���P�R�Q�W�U�p��(Rodhe 

et al., 2015). Les émissions de méthane lors du stockage des digestats sont tout de même non 

négligeables. La concentration en azote ammoniacal est plus élevée dans les digestats que dans les 

�H�I�I�O�X�H�Q�W�V���Q�R�Q���G�L�J�p�U�p�V�����F�H���T�X�L���S�H�X�W���F�D�X�V�H�U���X�Q���S�O�X�V���J�U�D�Q�G���U�L�V�T�X�H���G�H���Y�R�O�D�W�L�O�L�V�D�W�L�R�Q���G�¶�D�P�P�R�Q�L�D�F��(Baldé et al., 

2018; Clemens et al., 2006; Neerackal et al., 2015)�����P�r�P�H���V�L���O�¶�L�Q�Y�H�U�V�H���D���D�X�V�V�L���p�W�p���P�H�V�X�U�p��(Amon et al., 

2006). La méthanisation semble augmenter les émissions de N2O, ce qui pourrait être expliqué par la 

plus forte teneur en azote des digestats en comparaison avec les effluents �G�¶�p�O�H�Y�D�J�H��non digérés (Amon 

et al., 2006; Clemens et al., 2006)�����$�X�F�X�Q���H�I�I�H�W���V�L�J�Q�L�I�L�F�D�W�L�I���Q�¶�D���p�W�p���W�U�R�X�Y�p���S�D�U��Kupper et al. (2020), en 

�W�H�U�P�H���G�H���I�D�F�W�H�X�U���G�¶�p�P�L�V�V�L�R�Q de N2O. 
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Tableau 1.6 �± �(�[�H�P�S�O�H�V���G�H���I�D�F�W�H�X�U�V���G�¶�p�P�L�V�V�L�R�Q�V���D�X���V�W�R�F�N�D�J�H���G�H�V���3�5�2���� 

PRO 
Gaz 

NH3 N2O CH4 CO2 

Fumier 6% Ntot a 3% Ntot a 2%C a 32%C a 

Lisier bovin 14 �± 19%Namm b 

16 �± 50% c 

0,1 �± 0,2%Ntot b 0.2 - 0.4 gCH4 kgVS-1 (environ 3 �± 12%C) b 

9%C d 

11% gCO2 kgMO-1 (~ 6%C) b 

34% d 

Digestat liquide ou brut 30 �± 40% Namm  c,e 0%Ntot (uncovered) f 

0,24%Ntot (covered) f 

1% - 12% (% du CH4 dans le biogaz) g,h 

0,1 �± 0,3 gCH4 kgMO-1 j-1 (~ 5 �± 16% C) g,i 

Même volume que CH4 i 

Digestat solide 10% - 12% (%Ntot) d 0,1% �± 0,3% (%Ntot) d 0,5% - 4% (%C) d 30% - 40% (%C) d 

a (Hassouna et al., 2008). b (Kupper et al., 2020). c (Baldé et al., 2018). d (Amon et al., 2006). e (Perazzolo et al., 2016). f (Rodhe et al., 2015). g (Baldé et al., 

2016). h (Hrad et al., 2015; Liebetrau et al., 2013). i (Maldaner et al., 2018). j (Dietrich et al., 2021; Li et al., 2018). Ntot : azote total. Namm : azote ammoniacal. 

MO : matière organique.
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La séparation de phase des effluents non digérés ou des digestats affecte les émissions : la phase liquide 

est moins riche en matière organique, �O�D���S�U�R�E�D�E�L�O�L�W�p���G�H���S�U�p�V�H�Q�F�H���G�¶�X�Qe croûte naturelle sur la lagune de 

stockage est plus faible, et la phase solide est stockée en condition aérobie. Sans tenir compte des 

émissions de la fraction solide, la séparation de phase des effluents non digérés augmente les émissions 

�G�¶�D�P�P�R�Q�L�D�F�� ���D�E�V�H�Q�F�H�� �G�H�� �F�U�R�€�W�H������ �G�L�P�L�Q�X�H�� �O�H�V�� �p�P�L�V�V�L�R�Q�V�� �G�H�� �12O (absence de croûte) (Kupper et al., 

2020) et de CH4 (moins de matière organique) (Gioelli et al., 2011; Kupper et al., 2020). De plus, de 

fortes émissions de N2O peuvent être mesurées lors du stockage de la phase solide (Holly et al., 2017). 

Concernant les effluents animaux non digérés, la séparation de phase aurait plutôt tendance à augmenter 

les émissions totales de N2O et diminuer celles de CH4 (Fangueiro et al., 2008a), les mêmes conclusions 

sont obtenues par Holly et al. (2017) lors de la séparation de phase de digestats. Perazzolo et al. (2016) 

et Baldé et al. (2018) montrent un �U�L�V�T�X�H���G�¶augmentation globale des émissions de NH3 après séparation 

de phase des digestats. Baldé et al. (2018) explique ce résultat �S�D�U���O�¶�D�E�V�H�Q�F�H���G�H���F�U�R�€�W�H sur la lagune de 

stockage du digestat liquide, comparé au digestat brut.  

En plus des émissions au stockage des digestats, des émissions fugitives de biogaz peuvent avoir lieu 

sur les plateformes de méthanisation (fuites, combustion incomplète) (Flesch et al., 2011; Groth et al., 

2015; Hrad et al., 2014, 2015; Reinelt et al., 2016). Hrad et al. (2015) résument des travaux précédents 

et estiment que les fuites de gaz peuvent représenter 1 à 6% de la production de biogaz, ce qui comprend 

les émissions au stockage des digestats.  

1.3.5 Intérêt de la prise en compte des émissions lors du stockage et de 

�O�¶�p�S�D�Q�G�D�Je des PRO 

La gestion des effluents est composée �G�¶�p�W�D�S�H�V���V�X�F�F�H�V�V�L�Y�H�V�����W�U�D�L�W�H�P�H�Q�W�V�����V�W�R�F�N�D�J�H, épandage). Chacune 

de ces étapes est soumise à des émissions et à des modifications des caractéristiques physico-chimiques 

des effluents, ce qui peut avoir des répercussions sur les émissions lors des étapes suivantes. 

Neerackal et al. (2015) montrent par exemple que le stockage influence la qualité des digestats (matière 

sèche, azote ammoniacal), ce qui pourrait influer sur leurs effets au champ. �$�L�Q�V�L�����O�¶�p�Y�D�O�X�D�W�L�Rn des effets 

�G�¶�X�Q�H�� �Q�R�X�Y�H�O�O�H�� �S�U�D�W�L�T�X�H�� ���V�p�S�D�U�D�W�L�R�Q�� �G�H�� �S�K�D�V�H���� �Fouverture de fosse de stockage) devrait considérer 

�O�¶�H�Q�V�H�P�E�O�H�� �G�X�� �© continuum de gestion des effluents » (« manure management continuum », 

(Chadwick et al., 2011). Les émissions gazeuses au stockage des digestats doivent être mises en regard 

des émissions au champ. 

Cinq études consacrées aux émissions gazeuses lors du stockage puis de �O�¶�p�S�D�Q�G�D�J�H���R�Q�W���p�W�p���U�H�F�H�Q�V�p�H�V��

(Amon et al., 2006; Baral et al., 2017, 2018; Dietrich et al., 2020, 2021; Holly et al., 2017; 

Neerackal et al., 2015). Comme vu précédemment, la méthanisation diminue les émissions de CH4 au 

stockage, qui sont plus importantes que celles �j�� �O�¶�p�S�D�Q�G�D�J�H��(Amon et al., 2006; Dietrich et al., 2020, 

2021; Holly et al., 2017). La méthanisation peut impacter de façon antagoniste les émissions de N2O et 

de NH3 �j�� �O�¶�p�S�D�Q�G�D�J�H���R�X���D�X���V�W�R�F�N�D�J�H (Amon et al., 2006; Baral et al., 2017, 2018; Holly et al., 2017; 
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Neerackal et al., 2015)�����$�X�F�X�Q�H���W�H�Q�G�D�Q�F�H���Q�¶�H�V�W��trouvée quant aux sens des effets de la méthanisation sur 

la volatilisation de NH3 �D�X�� �V�W�R�F�N�D�J�H���� �j�� �O�¶�p�S�D�Q�G�D�J�H���� �R�X�� �W�R�W�D�O (Amon et al., 2006; Holly et al., 2017; 

Neerackal et al., 2015). La méthanisation tend à favoriser les émissions de N2O au stockage et à les 

�G�L�P�L�Q�X�H�U�� �j�� �O�¶�p�S�D�Q�G�D�J�H���� �P�D�L�V�� �O�¶�H�I�I�H�W�� �J�O�R�E�D�O�� �U�p�Vultant varie selon les études 

(Amon et al., 2006; Holly et al., 2017). Enfin, si les émissions de CH4 sont toujours importantes dans le 

bilan des émissions de GES, �O�¶�L�P�S�R�U�W�D�Q�F�H des émissions de N2�2���Y�D�U�L�H�����H�W���L�O���Q�¶y a pas de consensus pour 

dire si les émissions de N2O au champ ou au stockage sont les plus importantes 

(Amon et al., 2006; Baral et al., 2017, 2018; Dietrich et al., 2020, 2021; Holly et al., 2017). 

Dietrich et al. (2020, 2021) ont mesuré �O�¶�H�I�I�H�W���G�X���F�R�P�S�R�V�W�D�J�H���G�H���G�L�J�H�V�W�D�W�V���V�R�O�L�G�H�V���V�X�U���O�H�V���p�Pissions de 

GES. Les auteurs montrent que le compostage réduit les émissions de N2O au champ, mais augmente 

celles de CH4 lors du stockage, avec au final un effet variable sur les émissions totales de GES. Nous 

�Q�¶�D�Y�R�Q�V�� �S�D�V�� �W�U�R�X�Y�p�� �G�¶�p�W�X�G�H�V�� �H�[�S�p�U�L�P�H�Q�W�D�O�H�V�� �p�W�Xdiant l�¶�H�I�I�H�W�� �G�¶�D�X�W�U�H�V�� �S�U�D�W�L�T�X�H�V�� �G�H�� �J�H�V�W�L�R�Q�� �G�X�� �G�L�J�H�V�W�D�W��

(séparation de phase, couverture de fosse) �H�Q�� �F�R�Q�V�L�G�p�U�D�Q�W�� �O�¶�H�Q�F�K�Dînement de leur stockage et de leur 

épandage. 

Si les ordres de grandeurs et les facteurs influençant les émissions lors du stockage des digestats et lors 

de leur application au champ sont connus (sections 1.2.2 , 1.2.6  et 1.3.4 ), la résultante de ces émissions 

�Q�¶�H�V�W���S�D�V���E�L�H�Q���F�D�U�D�F�W�p�U�L�V�pe. En effet, une évolution dans la gestion des digestats peut avoir des effets 

�R�S�S�R�V�p�V�� �D�X�� �Q�L�Y�H�D�X�� �G�H�V�� �G�L�I�I�p�U�H�Q�W�H�V�� �V�R�X�U�F�H�V�� �G�¶�p�P�L�V�V�L�R�Q�V����Il est donc important de considérer les deux 

�V�R�X�U�F�H�V�� �G�¶�p�P�L�V�V�L�R�Q�V (traitement �± stockage et épandage) conjointement. Néanmoins, les études 

expérimentales considérant ces deux sources sont rares, voire insuffisantes �S�R�X�U���E�L�H�Q���F�R�P�S�U�H�Q�G�U�H���O�¶�H�I�I�H�W��

global de la méthanisation sur les émissions gazeuses. 

1.4 Evaluation environnementale de la méthanisation 

1.4.1 �4�X�H�O�O�H�V���O�L�P�L�W�H�V���R�Q�W���O�H�V���D�S�S�U�R�F�K�H�V���H�[�S�p�U�L�P�H�Q�W�D�O�H�V���O�R�U�V���G�H���O�¶�p�Y�D�O�X�Dtion 

environnementale de la méthanisation ? 

Les sections 1.1 et 1.3 ont permis de décrire les différents processus liés aux cycles du C et du N qui 

étaient affecté�V���S�D�U���O�¶�L�Q�W�U�R�G�X�F�W�L�R�Q���G�¶�X�Q���P�p�W�K�D�Q�L�V�H�X�U���G�D�Q�V���X�Q�H���I�H�U�P�H���H�Q���S�R�O�\�F�X�O�W�X�U�H���p�O�H�Y�D�J�H�����1�p�D�Q�P�R�L�Q�V����

�O�¶�p�Y�D�O�X�D�W�L�R�Q�� �H�Q�Y�L�U�R�Q�Q�H�P�H�Q�W�D�O�H�� �G�¶�X�Q�H�� �S�U�D�W�L�T�X�H�� �F�R�P�P�H���O�D�� �P�p�W�K�D�Q�L�V�D�W�L�R�Q�� �Q�p�F�H�V�V�L�W�H�� �G�H�� �F�R�P�S�D�U�H�U�� �F�H�V��

impacts les uns par rapport aux autres, de les hiérarchiser, et de considérer toutes les interactions qui 

�S�H�X�Y�H�Q�W���L�Q�W�H�U�Y�H�Q�L�U���H�Q�W�U�H���O�H�V���G�L�I�I�p�U�H�Q�W�H�V���V�R�X�U�F�H�V���G�¶�L�P�S�D�F�W�V���V�X�U���O�D��ferme. 

Certaines études expérimentales peuvent proposer des approches pour répondre à ce besoin de synthèse 

�H�W���G�¶�p�Y�D�O�X�D�W�L�R�Q���P�X�O�W�L�F�U�L�W�q�U�H. Par exemple, �H�Q���F�H���T�X�L���F�R�Q�F�H�U�Q�H���O�¶�p�S�D�Q�G�D�J�H���G�H���3�5�2���D�X���F�K�D�P�S����Obriot et al. 

(2016) comparent �O�¶�H�I�I�H�W���G�H���G�L�I�I�p�U�H�Q�W�V���3�5�2���V�X�U��la fertilité des sols (fertilité physique, fertilité biologique, 

production agricole), la biodiversité du sol, ou encore la contamination du sol. Clements et al. (2012) 

�V�¶�L�Q�W�p�U�H�V�V�Hnt �D�L�Q�V�L���j���O�¶�H�I�I�H�W���G�H�V���G�L�J�H�V�W�D�W�V���D�X���F�K�D�P�S���V�X�U la fertilisation des cultures et la macrofaune du 
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sol. La section 1.3.5 décrit des études qui synthétisent les émissions de GES et de NH3 induites par la 

méthanisation des effluents �G�¶�p�O�H�Y�D�J�H, en considérant �O�H���V�W�R�F�N�D�J�H���H�W���O�¶�p�S�D�Q�G�D�J�H���G�H�V���3�5�2����Néanmoins, 

�O�¶�X�W�L�O�L�V�D�W�L�R�Q�� �G�H�� �O�¶�H�[�S�p�U�L�P�H�Q�W�D�W�L�R�Q�� �V�H�X�O�H�� �U�H�V�W�H�� �O�L�P�L�W�p�H�� �G�D�Q�V�� �F�H�W�� �R�E�M�H�F�W�L�I�� �G�¶�p�Y�D�O�X�D�W�L�R�Q�� �V�\�Q�W�K�p�W�L�T�X�H�� �G�¶�X�Q�H��

pratique. La prise en compte de nombreuses mesures, dont certaines peuvent être complexes (lixiviation 

de nitrates, stockage de carbone dans les sols), limite le nombre de traitements �H�W���G�H���F�D�V���G�¶�p�W�X�G�H�V����Il est 

�G�R�Q�F�� �G�L�I�I�L�F�L�O�H�� �G�¶�p�W�H�Q�G�U�H�� �O�H�V�� �U�p�V�X�O�W�D�W�V�� �G�H�� �W�H�Ole�V�� �p�W�X�G�H�V�� �j�� �G�¶�D�X�W�U�H�V�� �V�\�V�W�q�P�H�V�� Les études utilisant la 

modélisation permettent de résoudre ce problème. Les expérimentations permettent de calibrer des 

modèles, et ces modèles permettent de généraliser les résultats des expérimentations. Cette section 

�V�¶�L�Q�W�p�U�H�V�V�H���G�R�Q�F���D�X�[���D�S�S�U�R�F�K�H�V��de modélisation qui visent à évaluer les impacts de la méthanisation. 

1.4.2 Les modèles : quelques définitions 

Les modèles sont des outils qui, une fois conçus et calibrés sur des données expérimentales, peuvent 

permettre de répondre à des objectifs nouveaux. Il existe de multiples façons de caractériser et de 

différencier les modèles. Dans le cadre de cette synthèse bibliographique, on peut dire que les modèles 

sont caractérisés par (entre autres) : 

- Le sujet modélisé. �1�R�X�V���G�p�F�U�L�Y�R�Q�V���L�F�L���G�H�V���P�R�G�q�O�H�V���T�X�L���V�¶�L�Q�W�p�U�H�V�V�H���j�������W�\�S�H�V���G�H���V�X�M�H�W�V :  

o La digestion anaérobie (modèle de méthanisation) 

o Le stockage des PRO (modèle de stockage) 

o Le fonctionnement du sol et des cultures (modèle sol-plante) 

o �/�¶�H�[�S�O�R�L�W�D�W�L�R�Q �D�J�U�L�F�R�O�H�����P�R�G�q�O�H���j���O�¶�p�F�K�H�O�O�H���G�H���O�¶�H�[�S�O�R�L�W�D�W�L�R�Q���� 

- �/�¶�D�S�S�U�R�F�K�H���G�H���P�R�G�p�O�L�V�D�W�L�R�Q���X�W�L�O�L�V�p�H. Certains modèles combinent plusieurs approches. 

o �/�H�V���P�R�G�q�O�H�V���H�P�S�L�U�L�T�X�H�V���P�R�G�p�O�L�V�H�Q�W���O�H�V���S�U�R�F�H�V�V�X�V���J�U�k�F�H���j���G�H�V���O�R�L�V���H�P�S�L�U�L�T�X�H�V�����F�¶�H�V�W-à-

dire des relations issue�V���G�¶�R�E�V�H�U�Y�D�W�L�R�Qs, sans lien avec la théorie. Ces modèles utilisent 

en général peu de paramètres, mais ne peuvent pas être utilisés en dehors de leur 

domaine de calibration. 

o Les modèles mécanistes ou biophysiques �P�R�G�p�O�L�V�H�Q�W���G�H�V���S�U�R�F�H�V�V�X�V���j���O�¶�D�L�G�H���G�¶�p�T�X�D�W�L�R�Q�V��

issues de lois physiques ou biologiques. Ils sont donc plus facilement généralisables 

que les modèles empiriques. 

o Les modèles de type « boîte noire » utilisent un apprentissage « aveugle » sur un grand 

�M�H�X�� �G�H�� �G�R�Q�Q�p�H�V�� �R�E�V�H�U�Y�p�H�V�� �S�R�X�U�� �S�R�X�Y�R�L�U�� �S�U�p�G�L�U�H�� �O�H�V�� �Y�D�U�L�D�E�O�H�V�� �G�¶�L�Q�W�p�U�r�W�� �j�� �S�D�U�W�L�U�� �G�H��

�Q�R�X�Y�H�O�O�H�V���G�R�Q�Q�p�H�V���G�¶�H�Q�W�U�p�H�V�����,�O�V���L�Q�F�O�X�H�Q�W���G�H���Q�R�P�E�U�H�X�[���W�\�S�H�V���G�H���P�R�G�q�O�H�V���V�W�D�Wistiques ou 

des réseaux de neurones. Leur objectif reste souvent la pr�p�G�L�F�W�L�R�Q���G�H���Y�D�U�L�D�E�O�H�V���G�¶�L�Q�W�p�U�r�W. 

- Leur complexité�����T�X�¶�L�O���V�¶�D�J�L�V�V�H���G�H���O�D���F�R�P�S�O�H�[�L�W�p���G�X���P�R�G�q�O�H���R�X���G�H���V�D���F�R�P�S�O�H�[�L�W�p���G�¶�X�W�L�O�L�V�D�W�L�R�Q����

En général, un modèle complexe (grand nombre de paramètres et/ou de processus modélisés) 

�H�V�W���S�O�X�V���F�R�P�S�O�H�[�H���G�¶�X�W�L�O�L�V�D�W�L�R�Q�� 
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- Leur objectif. Différents modèles peuvent avoir des objectifs différents pour un même sujet 

�P�R�G�p�O�L�V�p���� �/�R�U�V�� �G�H�� �O�D�� �F�R�Q�V�W�U�X�F�W�L�R�Q�� �G�¶�X�Q�� �P�R�G�q�O�H, �O�¶�R�E�M�H�F�W�L�I�� �H�V�W�� �X�Q�� �I�D�F�W�H�X�U�� �F�O�H�I�� �G�H�� �G�p�F�L�V�L�R�Q�� �G�H��

�O�¶�D�S�S�U�R�Fhe et de la complexité utilisée. 

La section 1.4.3 présente la nature et les objectifs de quelques modèles de méthanisation, de stockage 

ou de modèle sol-plante, qui peuvent être utilisés pour étudier la méthanisation. La section 1.4.4 présente 

�O�¶�L�Q�W�p�U�r�W���G�H�V���P�R�G�q�O�H�V���j���O�¶�p�F�K�H�O�O�H���G�H���O�¶�H�[�S�O�R�L�W�D�W�L�R�Q �O�R�U�V���G�H���O�¶�p�W�X�G�H���G�H���O�D���P�p�W�K�D�Q�L�V�D�W�L�Rn. 

1.4.3 Utilisation des modèles pour modéliser la digestion, le stockage et 

�O�¶�p�S�D�Q�G�D�J�H���G�H���G�L�J�H�V�W�D�W�V 

Des modèles de méthanisation ont été développés pour, en premier objectif, prédire, comprendre et 

optimiser la production de biogaz lors de la méthanisation. Ces modèles peuvent être des modèles 

mécanistes, incluant entre autres des versions modifiées du modèle ADM1 ou des modèles de type 

« boîte noire » (Lauwers et al., 2013; Yu et al., 2013). Les modèles de méthanisation mécanistes peuvent 

être complexes et demandent, en général, une bonne description des intrants utilisés. Un autre objectif 

des modèles de méthanisation peut être la prédiction de la qualité des digestats, comme le modèle 

SYS-Metha (Bareha et al., 2021)���� �&�H�U�W�D�L�Q�H�V�� �Y�H�U�V�L�R�Q�V�� �G�¶�$�'�0���� �P�R�G�L�I�L�p�H�V�� �S�H�U�P�H�W�Went la prédiction de 

certaines caractéristiques des digestats, mais souvent en se focalisant sur des caractéristiques influant la 

production de biogaz, comme la teneur et la nature de la matière organique ou la teneur en azote 

ammoniacal (Bareha et al., 2019; Lauwers et al., 2013). 

�'�¶�D�X�W�U�H�V���P�R�G�q�O�H�V���G�H���P�p�W�K�D�Q�L�V�D�W�L�R�Q, plus simples et donc utilisables facilement, ont été créés, avec des 

�R�E�M�H�F�W�L�I�V�� �S�O�X�V�� �R�S�p�U�D�W�L�R�Q�Q�H�O�V�� �F�R�P�P�H�� �O�¶�p�Y�D�O�X�D�W�L�R�Q�� �p�F�R�Q�R�P�L�T�X�H�� �G�H�� �O�¶�L�Q�W�U�R�G�X�F�W�L�R�Q�� �G�¶�X�Q�� �P�p�W�K�D�Q�L�V�H�X�U����

�O�¶�p�Y�D�O�X�D�W�L�R�Q���G�H���O�D���S�U�R�G�X�F�W�L�R�Q��potentielle de biogaz ou le dimensionnement du méthaniseur en fonction 

des intrants disponibles, ou �O�¶estimation des impacts environnementaux associés à la méthanisation 

(Kythreotou et al., 2014). Les principales limites de ces modèles simples sont leur grande spécificité qui 

les rend peu généralisables, et leur simplicité, qui limitent leur utilisation pour résoudre des questions 

de recherche précises. 

Des modèles de stockage des digestats ont été adaptés à partir de modèles de méthanisation pour estimer 

la production de biogaz dans le digesteur, ainsi que dans la cuve de stockage du digestat brut 

(Ericsson et al., 2020; Muha et al., 2015; Vergote et al., 2019)�����,�O���H�[�L�V�W�H���T�X�H�O�T�X�H�V���P�R�G�q�O�H�V���G�¶�p�P�L�V�V�L�R�Q�V��

de N2O ou NH3 lors du stockage de lisiers (Li et al., 2012). De nombreux modèles de compostage, dont 

certains peuvent modéliser les émissions gazeuses associées au compostage, ont été développés 

(Oudart et al., 2015; Walling et al., 2020). Ils pourraient être adaptés et utilisés pour modéliser le 

stockage des digestats solides. Les modèles de stockage permettent de comprendre les facteurs qui 

influencent les émissions au stockage. Ericsson et al. (2020) ont par exemple montré �T�X�¶�X�Q�H��

augmentation du temps de séjour du digestat dans le digesteur ou la vidange pluriannuelle de la lagune 

de stockage permettent de réduire les émissions de CH4. 
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�6�L���R�Q���V�¶�L�Q�W�p�U�H�V�V�H���D�X���V�X�M�H�W���G�X���F�K�D�P�S�����Slusieurs modèles ont été développés pour évaluer les flux de C et 

N dans le sol (Brilli et al., 2017). Ils peuvent considérer différentes échelles, allant du champ (modèle 

sol-plante par exemple) à la ferme. Les modèles sol-plante simulent la croissance de la plante, les 

caractéristiques du sol (par exemple, teneur en eau, teneur en azote minéral, MOS), et certains impacts 

environnementaux (par exemple, N2O, NH3, lessivage de nitrate). Certains parmi les plus utilisés dans 

le monde sont les modèles de la famille CERES (par exemple, Gabrielle et al., 1995), le modèle DayCent 

(Parton et al., 2015), le modèle DNDC (Li et al., 1992) et le modèle STICS (Brisson et al., 2008). Ce 

dernier est de plus particulièrement utilisé par la communauté scientifique française. Ces modèles 

�S�H�U�P�H�W�W�H�Q�W�� �G�¶�H�V�W�L�P�H�U�� �R�X�� �G�¶�H�[�W�U�D�S�R�O�H�U�� �O�H�V�� �I�O�X�[�� �Q�R�Q�� �P�H�V�X�U�D�E�O�H�V�� �I�D�F�L�O�H�P�H�Q�W���� �R�X�� �G�H�� �S�U�H�Q�G�U�H�� �H�Q�� �F�R�P�S�W�H��

�O�¶�L�P�S�D�F�W���G�¶�X�Q���F�K�D�Q�J�H�P�H�Q�W���G�H���S�U�D�W�L�T�X�Hs à long terme (émissions de N2O, lessivage de nitrates, stockage 

de MOS) (Jégo et al., 2012; Lugato et al., 2018; Plaza-Bonilla et al., 2018b). Les modèles sol-plante 

peuvent aussi servir comme outil de dialogue avec les agriculteurs pour proposer des améliorations de 

pratiques (Loussouarn et al., 2016). 

Quelques études ont utilisé �G�H�V���P�R�G�q�O�H�V���S�R�X�U���H�V�W�L�P�H�U���O�H�V���H�I�I�H�W�V���G�H���O�¶�p�S�D�Q�G�D�J�H���G�H���G�L�J�H�V�W�D�W�V����Räbiger et al. 

(2020) ont, par exemple, modélisé la lixiviation des nitrates au champ �S�R�X�U�� �p�Y�D�O�X�H�U�� �O�¶�H�I�I�H�W�� �G�H�� �O�D��

fertilisation du colza avec du digestat à long terme (voir section 1.2.7 ). Häfner et al. (2021) utilisent le 

�P�R�G�q�O�H�� �G�H�� �Y�R�O�D�W�L�O�L�V�D�W�L�R�Q�� �G�¶�D�P�P�R�Q�L�D�F�� �D�S�U�q�V�� �p�S�D�Q�G�D�J�H���G�H�� �O�L�V�L�H�U�� �$�/�)�$�0����(Hafner et al., 2019) pour 

estimer la volatilisation après épandage de digestat dans le cas �G�¶�X�Q�H���p�W�X�G�H���R�•���F�H�V���p�P�L�V�V�L�R�Q�V���Q�¶�R�Q�W���S�D�V��

été mesurées, et estiment ainsi que les émissions indirectes de N2O causées par la volatilisation de NH3 

représentent entre 2 et 6% des émissions de GES �p�P�L�V���O�R�U�V���G�H���O�¶�p�S�D�Q�G�D�J�H���G�H���G�L�J�H�V�W�D�W�V. Comme dernier 

exemple, Launay et al. (2021) ont utilisé le modèle sol-plante STICS pour estimer �O�¶�H�I�I�H�W�� �G�H��

�O�¶�D�X�J�P�H�Q�W�D�W�L�R�Q�� �G�H�� �O�¶�X�W�L�O�L�V�D�W�L�R�Q�� �G�H�� �3�5�2�� �X�U�E�D�L�Qs, incluant des digestats : cela favoriserait fortement 

localement le stockage de MOS. Des pertes azotées supplémentaires sont aussi prédites. Les surfaces 

impactées seraient restreintes �j���O�¶�p�F�K�H�O�O�H���Q�D�W�L�R�Q�D�O�H�� 

Les modèles sol-�S�O�D�Q�W�H�� �S�H�X�Y�H�Q�W�� �r�W�U�H�� �G�H�V�� �R�X�W�L�O�V�� �X�W�L�O�H�V�� �G�D�Q�V�� �O�¶�p�Y�D�O�X�D�W�L�R�Q�� �G�H�V�� �H�I�I�H�W�V�� �G�H�� �O�¶�p�S�D�Q�G�D�J�H�� �G�H��

digestats, mais ils sont encore peu utilisés dans cette optique. La capacité de ces modèles à simuler des 

systèmes de culture utilisant des digestats devra également être évaluée. 

1.4.4 �/�H�V�� �P�R�G�q�O�H�V�� �S�H�U�P�H�W�W�H�Q�W�� �G�H�� �V�\�Q�W�K�p�W�L�V�H�U�� �O�H�V�� �L�P�S�D�F�W�V�� �j�� �O�¶�p�F�K�H�O�O�H��de 

l�¶�H�[�S�O�R�L�W�D�W�L�R�Q���D�J�U�L�F�R�O�H 

La section précédente (1.4.3) �G�p�F�U�L�W���F�R�P�P�H�Q�W���L�O���H�V�W���S�R�V�V�L�E�O�H���G�¶�X�W�L�O�L�V�H�U���G�H�V���P�R�G�q�O�H�V���S�R�X�U���p�W�X�G�L�H�U���F�H�U�W�Dins 

aspects de la méthanisation �H�W���G�H���O�¶�X�W�L�O�L�V�D�W�L�R�Q���G�H�V���G�L�J�H�V�W�D�W�V���D�X���F�K�D�P�S. �1�p�D�Q�P�R�L�Q�V�����O�H���V�X�M�H�W���G�¶�X�Q���P�R�G�q�O�H��

�S�H�X�W���D�X�V�V�L���r�W�U�H���O�¶�H�Q�V�H�P�E�O�H���G�H���O�¶�H�[�S�O�R�L�W�D�W�L�R�Q���D�J�U�L�F�R�O�H�� 

�/�H�V�� �P�R�G�q�O�H�V�� �j�� �O�¶�p�F�K�H�O�O�H�� �G�H�� �O�¶�H�[�S�O�R�L�W�D�W�L�R�Q�� �D�J�U�L�F�R�O�H��sont très courants pour étudier les exploitations de 

polyculture élevage (Del Prado et al., 2013; Petersen et al., 2007; Rotz, 2018; Schils et al., 2007). 

Certains modèles sont relativement simples et ont vocation à être utilisés comme �R�X�W�L�O�V�� �G�¶�D�L�G�H à la 
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d�p�F�L�V�L�R�Q�����W�D�Q�G�L�V���T�X�H���G�¶�D�X�W�U�H�V���V�R�Q�W���S�O�X�V���F�R�P�S�O�H�[�H�V���H�W���S�O�X�V���P�p�F�D�Q�L�V�W�H�V���H�W���R�Q�W���S�R�X�U���E�X�W���G�H���U�p�S�R�Q�G�U�H���j���G�H�V��

questions de recherche (Rotz, 2018). Selon Petersen et al. (2007)���� �F�H�V�� �P�R�G�q�O�H�V�� �j�� �O�¶�p�F�K�H�O�O�H�� �G�H��

�O�¶�H�[�S�O�R�L�W�D�W�L�R�Q�� �D�J�U�L�F�R�O�H��permettent de prendre en compte les interactions entre différents aspects de 

�O�¶�H�[�S�O�R�L�W�D�W�L�R�Q��de polyculture élevage : alimentation du bétail, qualité des effluents, gestion des effluents, 

�S�D�U�� �H�[�H�P�S�O�H���� �&�H�W�� �D�U�W�L�F�O�H�� �Q�H�� �V�¶�L�Q�W�p�U�H�V�V�H�� �S�D�V�� �j�� �O�¶�D�S�S�O�L�F�D�W�L�R�Q�� �G�H�V�� �H�I�I�O�X�H�Q�W�V�� �D�X�� �F�K�D�P�S���� �P�D�L�V�� �F�H�W�� �D�V�S�H�F�W��

�V�¶�L�Q�Wègre également dans la même réflexion. Cette aptitude est particulièrement intéressante, nous avons 

�Y�X���T�X�H���F�H�V���T�X�H�V�W�L�R�Q�V���p�W�D�L�H�Q�W���G�L�I�I�L�F�L�O�H�V�� �j�� �U�p�S�R�Q�G�U�H���j�� �O�¶�D�L�G�H���G�H���O�¶�H�[�S�p�U�L�P�H�Q�W�D�W�L�R�Q���V�H�X�O�H�����V�H�F�W�L�R�Q��1.3.5 ). 

Pour Del Prado et al. (2013)�����X�Q���D�X�W�U�H���D�Y�D�Q�W�D�J�H���G�H�V���P�R�G�q�O�H�V���j���O�¶�p�F�K�H�O�O�H���G�H���O�D���I�H�U�P�H���H�V�W���T�X�¶�L�O�V���U�H�S�U�p�V�H�Q�W�H�Q�W��

�X�Q���V�\�V�W�q�P�H���j���O�¶�p�F�K�H�O�O�H���G�X�T�X�H�O���O�H�V���G�p�F�L�V�L�R�Q�V���G�H���J�H�V�W�L�R�Q���V�R�Q�W���S�U�L�V�H�V�����H�W���R�•���L�O���H�V�W���G�R�Q�F���S�R�V�V�L�E�O�H���G�H���F�K�D�Q�J�H�U��

les pratiques pour améliorer le bilan environnemental de la filière. 

�/�H�V���P�R�G�q�O�H�V���j�� �O�¶�p�F�K�H�O�O�H���G�H���O�¶�H�[�S�O�R�L�W�D�W�L�R�Q���V�R�Q�W���J�p�Q�p�U�D�O�H�P�H�Q�W���F�R�Q�V�W�L�W�X�p�V���G�H���S�O�X�V�L�H�X�U�V���P�R�G�X�O�H�V�����S�R�X�Y�D�Q�W��

�L�Q�F�O�X�U�H���O�¶�p�O�H�Y�D�J�H�����O�H���W�U�D�L�W�H�P�H�Q�W���H�W���O�H���V�W�R�F�N�D�J�H���G�H�V���H�I�I�O�X�H�Q�W�V�����O�D���F�U�R�L�V�V�D�Q�F�H���G�H�V���F�X�O�W�X�U�Hs au champ. Certains 

modèles utilisent un module de « règle de décisions » représentant les décisions des exploitants, ce qui 

permet de faire interagir ces différents modules entre eux de façon cohérente (Chardon et al., 2012; 

Vayssières et al., 2009). Des �H�[�H�P�S�O�H�V���G�H���P�R�G�q�O�H�V���j���O�¶�p�F�K�H�O�O�H���G�H���O�¶�H�[�S�O�R�L�W�D�W�L�R�Q���L�Q�F�O�X�D�Q�W���O�D���P�p�W�K�D�Q�L�V�D�W�L�R�Q��

�G�H�V���H�I�I�O�X�H�Q�W�V���G�¶�p�O�H�Y�D�J�H��sont présentés dans le Tableau 1.7. 

Les objectifs et les approches utilisés �G�D�Q�V���F�H�V���p�W�X�G�H�V���V�R�Q�W���Y�D�U�L�D�E�O�H�V�����/�¶�p�S�D�Q�G�D�J�H���G�H�V���3�5�2���S�H�X�W���r�W�U�H���S�Ous 

�R�X���P�R�L�Q�V���I�L�Q�H�P�H�Q�W���F�R�Q�V�L�G�p�U�p�����D�O�O�D�Q�W���G�¶�X�Q�H���Q�R�Q���F�R�Q�V�L�G�p�U�D�W�L�R�Q���j���O�¶�X�W�L�O�L�V�D�W�L�R�Q���G�H���P�R�G�q�O�H���V�R�O-plante pour 

représenter les surfaces cultivées. Certains modèles sont très complexes et utilisent de nombreux 

modules mécanistes (Li et al., 2012; Rotz, 2018). Néanmoins, l�¶�R�E�M�H�W���G�¶�L�Q�W�p�U�r�W���G�H�V���P�R�G�q�O�H�V���G�p�F�U�L�W�V���Q�¶�H�V�W��

�S�D�V���O�H���P�p�W�K�D�Q�L�V�H�X�U�����P�D�L�V���O�¶�p�O�H�Y�D�J�H �����O�D���P�p�W�K�D�Q�L�V�D�W�L�R�Q���H�V�W���Y�X�H���F�R�P�P�H���X�Q�H���S�U�D�W�L�T�X�H���S�R�V�V�L�E�O�H���j���O�¶�p�F�K�H�O�O�H��

de la fer�P�H���� �H�W�� �L�O�� �Q�¶�H�V�W�� �S�D�V�� �I�R�U�F�p�P�H�Q�W�� �S�R�V�V�L�E�O�H�� �G�H�� �F�R�P�S�D�U�H�U���G�L�I�I�p�U�H�Q�W�Hs pratiques associées à la 

méthanisation. La co-�G�L�J�H�V�W�L�R�Q�� �G�H�V�� �H�I�I�O�X�H�Q�W�V�� �Q�¶�H�V�W�� �S�D�V�� �I�R�U�F�p�P�H�Q�W�� �F�R�Q�V�L�G�p�U�p�H�� �'�¶�D�X�W�U�H�V�� �p�W�X�G�H�V�� �R�Q�W��

considéré �O�¶�L�Q�W�U�R�G�X�F�W�L�R�Q�� �G�H�� �O�D�� �P�p�W�K�D�Q�L�V�D�W�L�R�Q�� �j�� �O�D�� �I�H�U�P�H�� �H�Q�� �S�O�D�o�D�Q�W�� �O�H�� �Péthaniseur au centre de leur 

système (Baral et al., 2018; Boldrin et al., 2016; Costa Junior et al., 2015; Vergote et al., 2019). Elles 

sont associées à une modélisation plus fine de la méthanisation et de la gestion des PRO. En revanche, 

�O�¶�p�S�D�Q�G�D�J�H���G�H�V���G�L�J�H�V�W�D�W�V���H�V�W���P�R�G�p�O�L�V�p���V�L�P�S�O�H�P�H�Q�W�����'�D�Q�V���F�H�U�W�D�L�Q�V���F�D�V�����O�D���P�R�G�p�O�L�V�D�W�L�R�Q���Q�¶�H�V�W���T�X�¶�X�Q�H���I�D�o�R�Q��

de compléter le bilan GES �D�S�U�q�V�� �O�¶�D�F�T�X�L�V�L�W�L�R�Q�� �G�H�� �P�H�V�X�U�H�V�� �G�¶�p�P�L�V�V�L�R�Q�V�� �D�X�� �V�W�R�F�N�D�J�H�� �R�X�� �D�X�� �F�K�D�P�S 

(Baral et al., 2018; Costa Junior et al., 2015). De plus, ces études se concentrent surtout sur le bilan 

carbone de la méthanisation, et peu sur ses autres aspects. 

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

2017; Rigolot et al., 2010; Rotz, 2018; Weiske et al., 2006). Vergote et al. (2019) montrent �T�X�H���O�¶�H�I�I�H�W��

de la diminution du stockage des effluents au bâtiment, causée �S�D�U���O�¶�L�Q�W�p�U�r�W���G�H���P�p�W�K�D�Q�L�V�H�U���O�H�V���3�5�2���O�H�V��

plus frais possible, est un facteur très important de cette réduction des émissions de GES. 

Costa Junior et al. (2015) nuancent le propos en estimant des impacts au stockage des PRO similaires 
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�S�R�X�U���X�Q�H���I�H�U�P�H���D�Y�H�F���R�X���V�D�Q�V���P�p�W�K�D�Q�L�V�H�X�U�����,�O���Q�¶�\���D���S�D�V���G�H���F�R�Q�V�H�Q�V�X�V���V�X�U���O�¶�H�I�I�H�W���G�H��la méthanisation sur 

les émissions de NH3 (Rigolot et al., 2010; Veltman et al., 2018) 

La méthanisation diminue les émissions totales de GES. Les principaux facteurs qui influencent le bilan 

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

fuites de biogaz (Baral et al., 2018; Boldrin et al., 2016; Costa Junior et al., 2015; Vergote et al., 2019; 

Weiske et al., 2006)�����/�¶�p�S�D�Q�G�D�J�H���G�H���G�L�J�H�V�W�D�Ws à la place des lisiers (changement des émissions de N2O 

au champ, changement du stockage de MOS, diminution des engrais de synthèse) semble être moins 

important en terme de bilan carbone (Baral et al., 2018; Boldrin et al., 2016; Vergote et al., 2019). 

Néanmoins, �F�H�F�L���G�R�L�W���r�W�U�H���Y�p�U�L�I�L�p���j���O�¶�D�L�G�H���G�H���P�R�G�q�O�H�V���S�O�X�V���S�U�p�F�L�V���V�X�U���O�¶�H�I�I�H�W���G�H���O�¶�p�S�D�Q�G�D�J�H���G�H���G�L�J�H�V�W�D�W�V�� 

Les intrants extérieurs �S�H�U�P�H�W�W�H�Q�W�� �G�¶�D�X�J�P�H�Q�W�H�U�� �O�D�� �S�U�R�Guction de biogaz et donc �G�¶�D�P�p�O�L�R�U�H�U le bilan 

carbone (Boldrin et al., 2016; Weiske et al., 2006). La méthanisation des cultures a un effet variable : 

en cas de bon rendement, le bénéfice issu du surplus de production de biogaz est plus important que les 

aspect négatifs liés à la production des cultures �����O�¶�L�Q�Y�H�U�V�H���S�H�X�W���p�J�D�O�H�P�H�Q�W���r�W�U�H���F�R�Q�V�W�D�W�p���H�Q���F�D�V���G�H���P�R�L�Q�V��

bon rendement (Weiske et al., 2006). 

�(�Q���U�p�V�X�P�p�����O�H�V���p�W�X�G�H�V���S�U�p�V�H�Q�W�p�H�V���G�D�Q�V���F�H�W�W�H���V�H�F�W�L�R�Q���Q�R�X�V���P�R�Q�W�U�H�Q�W���G�¶�D�E�R�U�G���O�¶�L�Q�W�p�U�r�W���T�X�H���S�H�X�Y�H�Q�W���D�Y�R�L�U��

les modèles �j���O�¶�p�F�K�H�O�O�H���G�H���O�D���I�H�U�P�H���S�R�X�U���p�Y�D�O�X�H�U���O�¶�H�I�I�H�W���G�H���O�¶�L�Q�W�U�R�G�X�F�W�L�R�Q���G�H���O�D���P�p�W�K�D�Q�L�V�D�W�L�R�Q�����K�L�p�U�D�U�F�K�L�H��

�G�H�V���L�P�S�D�F�W�V�����S�U�L�V�H���H�Q���F�R�P�S�W�H���G�¶�L�Q�W�H�U�D�F�W�L�R�Q�V���H�Q�W�U�H���O�H�V���G�L�I�I�p�U�H�Q�W�V���p�O�p�P�H�Q�W�V���G�H���O�D���F�K�Dîne de traitement). Ces 

études se sont surtout concentrées sur la gestion des �H�I�I�O�X�H�Q�W�V�����E�k�W�L�P�H�Q�W�����G�L�J�H�V�W�L�R�Q�����V�W�R�F�N�D�J�H�������/�¶�L�P�S�R�U�W��

�G�H���G�p�F�K�H�W�V���H�[�W�p�U�L�H�X�U�V���H�W���O�H�V���H�I�I�H�W�V���D�J�U�R�Q�R�P�L�T�X�H�V���G�H���O�D���P�p�W�K�D�Q�L�V�D�W�L�R�Q���Q�¶�R�Q�W��été que peu étudiés avec des 

�P�R�G�q�O�H�V���j���O�¶�p�F�K�H�O�O�H���G�H���O�¶�H�[�S�O�R�L�W�D�W�L�R�Q�� 

�2�Q���S�H�X�W���p�J�D�O�H�P�H�Q�W���p�Y�R�T�X�H�U���O�¶�H�[�L�V�W�H�Q�F�H���G�H���P�R�G�q�O�H�V���R�U�L�H�Q�W�p�V���Y�Hrs la gestion des déchets, et qui ont pour 

but de renseigner des études par analyse de cycle de vie (ACV) (Gentil et al., 2010). Ces modèles sont 

souvent spécifiques de la zone géographique dans laquelle ils sont utilisés. Différents modèles ont des 

hypothèses différentes, ce qui fait nécessairement varier les résultats. ORWARE est un exemple de 

modèle qui considère la méthanisation du point de vue des déchets (Dalemo et al., 1998; Eriksson et al., 

2002). Ce modèle considère �O�¶�p�S�D�Q�G�D�J�H�� �G�H�� �G�L�J�H�V�W�D�W�� �H�Q�� �X�W�L�O�L�V�D�Q�W�� �G�H�V�� �I�D�F�W�H�X�U�V�� �G�¶�p�P�L�V�V�L�R�Q�V�� ���p�P�L�V�V�L�R�Q�V��

gazeuses, substitution aux engrais chimiques). ORWARE a pu être utilisé, par exemple, pour estimer 

�O�¶�L�Q�W�p�U�r�W���G�H���O�D���P�p�W�K�D�Q�L�V�D�W�L�R�Q���G�H�V���H�I�I�O�X�H�Q�W�V���p�T�X�L�Q�V��(Hadin and Eriksson, 2016)�������&�H���W�\�S�H���G�H���P�R�G�q�O�H�V���Q�¶�D��

pas pour but d�H���V�¶�L�Q�W�p�U�H�V�V�H�U���D�X�[���D�V�S�H�F�W�V���Dgronomiques de la méthanisation et paraît plus pertinent pour 

comparer différents traitements de déchets à une échelle plus vaste que la ferme. 
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Tableau 1.7 �± �(�[�H�P�S�O�H�V���G�H���P�R�G�q�O�H�V���j���O�¶�p�F�K�H�O�O�H���G�H���O�¶�H�[�S�O�R�L�W�D�W�L�R�Q�����F�R�Q�V�L�G�p�U�D�Q�W���O�D���P�p�W�K�D�Q�L�V�D�W�L�R�Q���G�H�V���H�I�I�O�X�H�Q�W�V���G�¶�p�O�H�Y�D�J�H�����)�( �����)�D�F�W�H�X�U�V���G�¶�p�P�L�V�V�L�R�Q�V 

Modèle et référence Simulation 
de 
�O�¶�p�O�H�Y�D�J�H 

Simulation de la 
méthanisation 

Simulation du 
stockage des 
PROs 

Simulation des champs et de 
�O�¶�p�S�D�Q�G�D�J�H���G�H�V���3�5�2�� 

Objectif de recherche 

FarmGHG  
Olesen et al. (2004) 
Weiske et al. (2006) 

Oui Equations simples. 
Possible co-digestion de 
déchets extérieurs ou de 
cultures 

FE Substitution aux engrais : 
�F�R�H�I�I�L�F�L�H�Q�W���G�¶�p�T�X�L�Y�D�O�H�Q�F�H����FE. 
Pas de considération du N2O ou 
de la MOS. 

�%�L�O�D�Q���*�(�6���G�H���O�¶�H�[�S�O�R�L�W�D�W�L�R�Q��
(bovin) 

Rigolot et al. (2010) Oui Equations simples. Mono-
digestion seulement 

FE, équations 
mécanistes. 

Non Comparaison de différentes 
pratiques de gestions des effluents 
porcins 

IFSM (Integrated 
Farm System Model) 
Rotz et al. (2018) 
Veltman et al. (2018) 

Oui Equations simples. Mono-
digestion seulement 

Modèle mécaniste Cycles du C et du N au champ, 
grâce au modèle sol-plante 
DayCent 

Comparaison de différentes 
pratiques de gestion de 
�O�¶�H�[�S�O�R�L�W�D�W�L�R�Q�����p�O�H�Y�D�J�H�����H�I�I�O�X�H�Q�W�V����
champs) 

Manure-DNDC 
Li et al. (2012) 

Oui Equations simples. Mono-
digestion seulement 

Modèle mécaniste Cycles du C et du N au champ, 
grâce au modèle sol-plante 
DNDC 

Comparaison de différentes  
pratiques de gestion de 
�O�¶�H�[�S�O�R�L�W�D�W�L�R�Q�����p�O�H�Y�D�J�H�����H�I�I�O�X�H�Q�W�V����
champs) 

Boldrin et al. (2016) Non Bilan de masse, Equations 
simples. co-digestion. 

FE. N2O au champ : FE. Bilan GES et analyse économique 
de la méthanisation 

Baral et al. (2018) Non Equations simples. co-
digestion. 

Mesures Mesures et FE. Inclue une 
estimation du stockage de MOS 

Bilan GES de la méthanisation 

Costa Junior et al. 
(2015) 

Non Bibliographie. Mesures et FE. Mesures et FE.. Bilan GES de la méthanisation 

Vergote et al. (2019) Non Modèle mécaniste Modèle mécaniste 
et FE 

FE Effet de la méthanisation et de la 
gestion des effluents sur le bilan 
GES 
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1.4.5 Analyses de cycle de vie et méthanisation 

La section précédente (1.4.4 ) présente des études utilisant des modèles �j�� �O�¶�p�F�K�H�O�O�H�� �G�H�� �O�D�� �I�H�U�P�H�� qui 

�V�¶�L�Q�W�p�U�H�V�V�H�Q�W�� �H�Q�� �S�D�U�W�L�F�X�O�L�H�U�� �D�X�[�� �p�P�L�V�V�L�R�Q�V�� �G�H��GES���� �S�D�U�I�R�L�V�� �H�Q�� �U�H�J�D�U�G�� �G�¶�D�Q�D�O�\�V�H�V�� �p�F�R�Q�R�Piques 

(Boldrin et al., 2016; Weiske et al., 2006). Néanmoins, �G�¶�D�X�W�U�H�V�� �L�P�Sacts environnementaux peuvent 

également être étudiés. Les Analyses de Cycle de Vie (ACV) sont des outils largement utilisés pour 

�O�¶�p�Y�D�O�X�D�W�L�R�Q���H�Q�Y�L�U�R�Q�Q�H�P�H�Q�W�D�O�H, selon une méthode multicritère normalisée ISO. Les ACV permettent 

�p�J�D�O�H�P�H�Q�W���G�H���U�H�J�D�U�G�H�U���O�H�V���L�P�S�D�F�W�V���G�¶�X�Q���P�p�W�K�D�Q�L�V�H�X�U���D�X-delà des limites de la ferme (Rotz, 2018). 

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

méthanisation. Plusieurs revues de la littérature sur les ACV de la méthanisation montrent une grande 

diversité au sein de ces études (Bacenetti et al., 2016b; Hijazi et al., 2016; Vasco-Correa et al., 2018). 

�7�R�X�W�� �G�¶�D�E�R�U�G���� �O�H�V�� �$�&�9�� �S�H�X�Y�H�Q�W�� �U�p�S�R�Q�G�U�H�� �j�� �G�H�V�� �R�E�M�H�F�W�L�I�V�� �G�L�I�I�p�U�H�Q�W�V���� �F�R�P�P�H�� �O�¶�p�Y�D�O�X�D�W�L�R�Q�� �G�H�� �O�D��

méthanisation en fonction des dernières avancées scientifiques, �O�¶�D�P�p�O�L�R�U�D�W�L�R�Q�� �G�H�V�� �S�U�D�W�L�T�X�H�V�� �G�H��

méthanisation, ou �O�D���F�R�P�S�D�U�D�L�V�R�Q���G�H���O�D���P�p�W�K�D�Q�L�V�D�W�L�R�Q���D�Y�H�F���G�¶�D�X�W�U�Hs manières de traiter les déchets ou 

�G�H���S�U�R�G�X�L�U�H���G�H���O�¶�p�Q�H�U�J�L�H�� É�W�D�Q�W���G�R�Q�Q�p���O�D���P�X�O�W�L�I�R�Q�F�W�L�R�Q�Q�D�O�L�W�p���G�H���O�D���P�p�W�K�D�Q�L�V�D�W�L�R�Q�����S�U�R�G�X�F�W�L�R�Q���G�¶�p�Q�H�U�J�L�H����

traitement des déchets, application de fertilisants organiques au champ) et la variabilité des systèmes 

utilisant un méthaniseur, les systèmes étudiées dans les ACV sont aussi variables. Les ACV peuvent 

ainsi considérer des limites différentes, traiter des intrants différents, valoriser le biogaz différemment, 

se placer à des échelles différentes allant de la ferme (Styles et al., 2015) �j�� �O�¶�p�F�K�H�O�O�H�� �Q�D�W�L�R�Q�D�O�H��

(Styles et al., 2016). Les unités fonctionnelles utilisées varient. Elles représentent en général une unité 

�O�L�p�H���j���O�D���S�U�R�G�X�F�W�L�R�Q���G�¶�p�Q�H�U�J�L�H����en MJ, kWh, m3 de biogaz) et/ou une unité liée au traitement des déchets 

(en t de déchets traités) (Hijazi et al., 2016). Des unités fonctionnelles basées sur �O�¶�D�S�S�R�U�W���G�H���Q�X�W�U�L�P�H�Q�W�V��

(Avadí, 2020) ou la production de matière agricole (Bacenetti et al., 2016a; Knudsen et al., 2014) sont 

également utilisées �T�X�D�Q�G�� �O�D�� �T�X�H�V�W�L�R�Q�� �W�U�D�L�W�H�� �G�H�� �O�¶�X�W�L�O�L�V�D�W�L�R�Q�� �G�H�� �G�L�J�H�V�W�D�Ws en tant que fertilisants. Cette 

�P�X�O�W�L�I�R�Q�F�W�L�R�Q�Q�D�O�L�W�p���L�Q�G�X�L�W���G�H���Q�R�P�E�U�H�X�V�H�V���T�X�H�V�W�L�R�Q�V���W�H�F�K�Q�L�T�X�H�V���G�D�Q�V���O�¶�D�S�S�O�L�F�D�W�L�R�Q���G�H�V���$�&�9�����Q�R�W�D�P�P�H�Q�W��

�H�Q�� �F�H�� �T�X�L�� �F�R�Q�F�H�U�Q�H�� �O�H�V�� �O�L�P�L�W�H�V�� �G�X�� �V�\�V�W�q�P�H�� �H�W�� �O�H�V�� �D�O�O�R�F�D�W�L�R�Q�V�� �G�¶�L�P�S�D�Fts utilisées. Des difficultés 

méthodologiques ont également été identifiées �S�R�X�U���U�p�D�O�L�V�H�U���G�H�V���$�&�9���H�Q���O�L�H�Q���D�Y�H�F���O�¶�X�W�L�O�L�V�D�W�L�R�Q���G�H���3�5�2��

���G�p�I�L�Q�L�W�L�R�Q���G�H�V���I�D�F�W�H�X�U�V���G�¶�p�T�X�L�Y�D�O�H�Q�F�H���D�X�[���H�Q�J�U�D�L�V���G�H���V�\�Q�W�K�q�V�H, considération ou non de la substitution 

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

2018) ou avec la production agricole (�S�U�L�V�H���H�Q���F�R�P�S�W�H���G�H���O�¶�L�Q�W�H�U�D�F�W�L�R�Q���H�Q�W�U�H���G�H�X�[���F�X�O�W�X�U�H�V���V�X�F�F�H�V�V�L�Y�H�V����

�G�L�I�I�L�F�X�O�W�p�� �G�¶�D�W�W�U�L�E�X�W�L�R�Q�� �G�H�V�� �p�P�L�V�V�L�R�Q�V�� �D�X�� �F�K�D�P�S�� �j�� �X�Q�H�� �F�X�O�W�X�U�H, définition �G�¶�X�Q�L�W�ps fonctionnelles de 

�S�U�R�G�X�F�W�L�R�Q�� �T�X�L�� �V�¶�D�S�S�Oiquent à différentes cultures) (Goglio et al., 2018). En fonction des systèmes 

considérés, ces difficultés peuvent également concerner les ACV concernant la méthanisation. 

Cette diversité dans les ACV induit des résultats variables, mais des tendances générales dans les 

conclusions peuvent quand même être identifiées (Bacenetti et al., 2016b; Hijazi et al., 2016; 

Vasco-Correa et al., 2018). Les principales externalités positives de la méthanisation sont une 

diminution des émissions de GES et la diminution des besoins en ressources non renouvelables. La 
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�Y�D�O�R�U�L�V�D�W�L�R�Q�� �G�X�� �E�L�R�J�D�]�� �H�W�� �O�¶�D�P�p�O�L�R�U�D�W�L�R�Q�� �G�H�V�� �S�U�D�W�L�T�X�H�V�� �G�H�� �W�U�D�L�W�H�P�H�Q�W�� �G�H�V�� �G�p�F�K�H�W�V�� �V�R�Q�W�� �O�H�V�� �S�U�L�Q�F�L�S�D�O�H�V��

sources de bénéfices sur ces indicateurs, suivi par la substitution des engrais chimiques. Les émissions 

�I�X�J�L�W�L�Y�H�V���G�H���E�L�R�J�D�]���D�X�J�P�H�Q�W�H�Q�W���O�H�V���p�P�L�V�V�L�R�Q�V���G�H���*�(�6�����4�X�D�Q�G���L�O�V���V�R�Q�W���F�R�Q�V�L�G�p�U�p�V�����O�H���F�K�D�Q�J�H�P�H�Q�W���G�¶�X�V�D�J�H��

�G�H�V���V�R�O�V���L�Q�G�X�L�W���S�D�U���O�D���P�p�W�K�D�Q�L�V�D�W�L�R�Q���G�H�V���F�X�O�W�X�U�H�V���M�R�X�H�Q�W���D�X�V�V�L���Q�p�J�D�W�L�Y�H�P�H�Q�W���V�X�U���O�H���E�L�O�D�Q���F�D�U�E�R�Q�H�����/�¶�H�I�Iet 

de la méthanisation sur l�¶�D�F�L�G�L�I�L�F�D�W�L�R�Q���H�W���O�¶�H�X�W�U�R�S�K�L�V�D�W�L�R�Q varient en fonction du système (amélioration 

�R�X���G�p�W�p�U�L�R�U�D�W�L�R�Q���G�H�V���p�P�L�V�V�L�R�Q�V���O�R�U�V���G�X���W�U�D�L�W�H�P�H�Q�W���G�H�V���H�I�I�O�X�H�Q�W�V���G�¶�p�O�H�Y�D�J�H�����V�X�E�V�W�L�W�X�W�L�R�Q���G�¶�H�Q�J�U�D�L�V���S�D�U���O�H��

digestat, fertilisation des cultures dédiées le cas échéant). Un meilleur bilan environnemental est trouvé 

lors de la méthanisation de déchets en comparaison avec celle de cultures énergétiques (Bacenetti et al., 

2016b; Hamelin et al., 2014; Siddiqui et al., 2020). En ce qui concerne la méthanisation des effluents 

animaux, Miranda et al. (2015) proposent �X�Q�H�� �U�H�Y�X�H�� �G�H�� �O�L�W�W�p�U�D�W�X�U�H�� �G�H�V�� �$�&�9�� �V�¶�L�Q�W�p�U�H�V�V�D�Q�W��au bilan 

carbone de la méthanisation (mono-�G�L�J�H�V�W�L�R�Q���� �G�H�V�� �O�L�V�L�H�U�V�� �G�¶�X�Q�H�� �I�H�U�P�H�� �D�Y�H�F�� �X�Q�� �p�O�H�Y�D�J�H���O�D�L�W�L�H�U����La 

méthanisation des effluents animaux diminue les émissions de GES, ce qui est largement dû à la 

�G�L�P�L�Q�X�W�L�R�Q���G�¶�p�P�L�V�V�L�R�Q�V���G�H��GES lors du traitement des PRO (stockage), puis par la production de biogaz ; 

les effets positifs concernant les émissions au champ de la méthanisation sont du même ordre de 

grandeur que les effets négatifs dus �D�X�[���p�P�L�V�V�L�R�Q�V���I�X�J�L�W�L�Y�H�V���G�H���E�L�R�J�D�]�����1�p�D�Q�P�R�L�Q�V�����O�¶�p�W�X�G�H���P�R�Q�W�U�H���X�Q�H��

grande diversité de résultats entre les systèmes et montre que les ACV ne considèrent pas toutes les 

�P�r�P�H�V���V�R�X�U�F�H�V���G�¶�p�P�L�V�V�L�R�Q�V�����(�Q���)�U�D�Q�F�H�����W�U�q�V���S�H�X���G�¶�$�&�9��portant sur la méthanisation ont été menées. 

Garrigues et al. (2014) ont réalisé une ACV sur une exploitation en polyculture élevage (élevage porcin). 

�/�H�V���D�X�W�H�X�U�V���P�R�Q�W�U�H�Q�W���T�X�¶�H�Q���F�R�Q�W�H�[�W�H���I�U�D�Q�o�D�L�V�����Rù le biogaz est utilisé en cogénération pour remplacer de 

�O�¶�p�O�H�F�W�U�L�F�L�W�p�� �S�U�R�Y�H�Q�D�Q�W�� �P�D�M�R�U�L�W�D�L�U�H�P�H�Q�W�� �G�H�� �O�¶�L�Q�G�X�V�W�U�L�H�� �Q�X�F�O�p�D�L�U�H���� �O�H�V�� �H�I�I�H�W�V�� �G�H�� �O�D�� �P�p�W�K�D�Q�L�V�D�W�L�R�Q�� �V�X�U�� �O�H�V��

émissions de GES �V�R�Q�W���I�D�L�E�O�H�V�����/�¶�p�W�X�G�H���Q�H���F�R�Q�V�L�G�q�U�H���D�X�F�X�Q���L�P�S�R�U�W���G�H���G�p�F�K�H�W�V���H�[�W�p�U�L�H�X�U�V�� 

Des ACV récentes se sont intéressées avec plus de détails aux aspects agronomiques �O�L�p�V���j���O�¶�L�Q�W�U�R�G�X�F�W�L�R�Q��

�G�H���O�D���P�p�W�K�D�Q�L�V�D�W�L�R�Q���� �H�Q�� �X�W�L�O�L�V�D�Q�W���G�H�V���P�R�G�q�O�H�V���G�¶�p�P�L�V�V�L�R�Q�V���D�X�� �F�K�D�P�S���R�X���G�H�V���P�R�G�q�O�H�V���j�� �O�¶�p�F�K�H�O�O�H���G�H�� �O�D��

ferme pour réaliser leurs inventaires de cycle de vie. La prise en compte de façon plus précise de la 

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

MOS, �R�X���G�X���F�K�D�Q�J�H�P�H�Q�W���G�¶�X�V�D�J�H���G�H�V���V�R�O�V����est ainsi possible (Hamelin et al., 2014; Vaneeckhaute et al., 

2018). Ces études montrent un impact important positif (substitution aux engrais, stockage de MOS) ou 

négatif (émissions gazeuses après apports de digestats au champ) de ces effets au champ sur le bilan 

environnemental général de la méthanisation. Néanmoins, la considération des effets de l�¶�p�S�D�Q�G�D�J�H���G�H��

digestats au champ demande une expertise fine des impacts réels de la méthanisation : par exemple, 

Bacenetti et al. (2016b) revendiquent le fait de ne pas tenir compte de la substitution des engrais P et K 

par les digestats si ceux-ci sont appliqués dans des champs où le besoin en ces nutriments est faible. À 

�O�¶�L�Q�Y�H�U�V�H, Zhang et al. (2021) réalisent une ACV de la méthanisation de lisier porcin et prennent en 

compte la richesse des sols en P et K pour limiter les apports de digestat. En fonction �G�H���O�¶�D�P�S�O�H�X�U���G�H��

ces limites, les digestats doivent être épandus sur des surfaces plus grandes, ce qui augmente leurs 

impacts �V�X�U���O�¶�H�Q�Y�L�U�R�Q�Q�H�P�H�Q�W, dans cette étude. �/�¶�H�I�I�H�W���G�H���O�¶�L�P�S�R�U�W���G�H���G�p�F�K�H�W�V���j�� �O�¶�p�F�K�H�O�O�H���G�¶�X�Q�H���I�H�U�P�H��
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peut être exploré. Par exemple, Michel et al. (2010) montrent �T�X�¶�j���O�¶�p�F�K�H�O�O�H���G�¶�X�Q�H���I�H�U�P�H�����O�¶�L�P�S�R�U�W���G�H��

déchets extérieurs augmente à la fois la production de biogaz et donc le bilan positif de la méthanisation, 

mais aussi �O�H�V���H�I�I�H�W�V���Q�p�J�D�W�L�I�V���V�X�U���O�¶�D�F�L�G�L�I�L�F�D�W�L�R�Q���H�W���O�¶�H�X�W�U�R�S�K�L�V�D�W�L�R�Q���O�L�ps à la gestion des digestats. Il y a 

donc une intensification locale des impacts.  

En conclusion, nous pouvons dire que les modèles et les ACV permettent une synthèse des impacts de 

la méthanisation. La méthanisation peut avoir des impacts différents en fonction des systèmes. Elle a en 

�J�p�Q�p�U�D�O���X�Q���L�P�S�D�F�W���S�R�V�L�W�L�I���H�Q���W�H�U�P�H���G�H���E�L�O�D�Q���F�D�U�E�R�Q�H���H�W���G�¶�X�W�L�O�L�V�D�W�L�R�Q���G�H�V���U�H�V�V�R�X�U�F�H�V���I�R�V�V�L�O�H�V�����1�p�D�Q�P�R�L�Q�V����

�O�¶�H�I�I�H�W�� �J�O�R�E�D�O�� �G�H�� �O�D�� �P�p�W�K�D�Q�L�V�D�W�L�R�Q�� �V�X�U�� �O�H�V�� �S�H�U�W�H�V�� �D�]�R�W�p�H�V�� �U�H�V�W�H�Q�W�� �H�Q�F�R�U�H�� �P�D�O�� �F�D�U�D�F�W�p�U�L�V�p���� �/�H�V�� �H�I�I�H�W�V��

agronomiques de la méthanisation pourraient également être mieux pris en compte. 

1.5 Conclusion de la synthèse bibliographique et objectifs de la 

thèse 

1.5.1 Conclusion de la synthèse bibliographique 

Au cours de �O�¶�L�Q�W�U�R�G�X�F�W�L�R�Q�� �G�H��cette thèse, nous avons vu que la méthanisation est une pratique en 

expansion dans le monde, �H�W���H�Q���)�U�D�Q�F�H���G�H���I�D�o�R�Q���U�H�O�D�W�L�Y�H�P�H�Q�W���U�p�F�H�Q�W�H�����,�O���V�¶�D�J�L�W���H�Q���I�D�L�W���G�¶�X�Q�H���W�H�F�K�Q�R�O�R�J�L�H��

qui se traduit par une diversité de pratiques. Par conséquent, les références en terme de bénéfices et 

�G�¶�L�P�S�D�F�Ws �V�X�U���O�¶�H�Q�Y�L�U�R�Q�Q�H�P�H�Q�W���V�R�Q�W���Gifficiles à acquérir, car elles doivent couvrir de très nombreuses 

situations. 

�/�D���V�\�Q�W�K�q�V�H���E�L�E�O�L�R�J�U�D�S�K�L�T�X�H���S�H�U�P�H�W���G�H���P�R�Q�W�U�H�U���T�X�H���O�H�V���H�I�I�H�W�V���G�H���O�¶�p�S�D�Q�G�D�J�H���G�H�V���G�L�J�H�V�W�D�W�V���j���O�¶�p�F�K�H�O�O�H���G�H��

la parcelle sont raisonnablement bien caractérisés. Nous avons cependant mis en évidence un manque 

de recul sur les effets des apports répétés de digestats au champ à long terme, comme sur le stockage de 

MOS ou sur la vie du sol. De plus, les différents �H�I�I�H�W�V���G�H���O�¶�p�S�D�Q�G�D�J�H���G�Hs digestats au champ sont souvent 

étudiés séparément, et peu mis en regard les uns par rapport aux autres. 

L�¶�L�Q�W�U�R�G�X�F�W�L�R�Q���G�H���O�D���P�p�W�K�D�Q�L�V�D�W�L�R�Q���G�D�Q�V���X�Q�H���H�[�S�O�R�L�W�D�W�L�R�Q���H�Q���S�R�O�\�F�X�O�W�X�U�H���p�O�H�Y�D�J�H���D���G�H���Q�R�P�E�U�H�X�[��effets 

�V�X�U���O�D���J�H�V�W�L�R�Q���G�H�V���H�I�I�O�X�H�Q�W�V�����O�¶�p�S�D�Q�G�D�J�H���G�H���3�5�2�����O�H�V���V�\�V�W�q�P�H�V���G�H���F�X�O�W�X�U�H�V�����O�¶�L�P�S�R�U�W���G�H���G�p�F�K�H�W�V���H�[térieurs 

pour la méthanisation. �1�R�X�V���D�Y�R�Q�V���P�L�V���H�Q���p�Y�L�G�H�Q�F�H���O�¶�L�P�S�R�U�W�D�Q�F�H���G�H���F�D�U�D�F�W�p�U�L�V�H�U���j���O�D���I�R�L�V���O�H�V���H�I�I�H�W�V���G�H���O�D��

�P�p�W�K�D�Q�L�V�D�W�L�R�Q���V�X�U���O�¶�D�V�S�H�F�W���G�X���W�U�D�L�W�H�P�H�Q�W des PRO (méthanisation, post-�W�U�D�L�W�H�P�H�Q�W�����V�W�R�F�N�D�J�H�������H�W���O�¶�D�V�S�H�F�W��

�D�J�U�R�Q�R�P�L�T�X�H���O�L�p���j���O�¶�p�S�D�Q�G�D�J�H���G�H�V���3�5�2�����(n effet, ils ne sont pas indépendants, entre autres parce que le 

traitement des effluents bovins et la présence de co-substrats dans le méthaniseur influence la qualité et 

la quantité de PRO épandus au champ. �/�¶�p�F�K�H�O�O�H���G�H���O�D���I�H�U�P�H���V�H�P�E�O�H���r�W�U�H���W�U�q�V���S�H�U�W�L�Q�H�Qte pour étudier la 

méthanisation agricole. 

�¬���F�D�X�V�H���G�H���W�R�X�V���F�H�V���H�I�I�H�W�V���T�X�L���L�Q�W�H�U�D�J�L�V�V�H�Q�W���O�H�V���X�Q�V���D�Y�H�F���O�H�V���D�X�W�U�H�V�����L�O���Q�¶�H�V�W���S�D�V���p�Y�L�G�H�Q�W���G�H���F�R�Q�F�O�X�U�H���G�H��

façon synthétique sur les effets de la méthanisation. Les mesures expérimentales peuvent difficilement 

�p�W�X�G�L�H�U�� �W�R�X�V�� �O�H�V�� �D�V�S�H�F�W�V�� �P�R�G�L�I�L�p�V�� �S�D�U�� �O�¶�L�Q�W�U�R�G�X�F�W�L�R�Q�� �G�¶�X�Q�� �P�p�W�K�D�Q�L�V�H�X�U���� �V�X�U�W�R�X�W�� �V�L�� �O�D�� �Y�R�O�R�Q�W�p�� �H�V�W�� �G�H��
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généraliser les résultats à différents contextes. Elles sont cependant nécessaires pour valider des 

modèles�����T�X�L���V�R�Q�W���G�H�V���R�X�W�L�O�V���X�W�L�O�H�V���S�R�X�U���G�p�S�D�V�V�H�U���F�H�V���S�U�R�E�O�q�P�H�V�����/�H�V���P�R�G�q�O�H�V���j�� �O�¶�p�F�K�H�O�O�H���G�H���O�D���I�H�U�P�H����

�S�H�U�P�H�W�W�H�Q�W���G�¶�p�W�X�G�L�H�U���V�L�P�X�O�W�D�Q�p�P�H�Q�W���S�O�X�V�L�H�X�U�V���D�V�S�H�F�W�V���G�H���O�¶�L�Q�W�U�R�G�X�F�W�L�R�Q���G�¶�X�Q���P�p�W�K�D�Q�L�V�H�X�U�����,�O�V���S�H�U�P�H�W�W�H�Q�W��

de généraliser les résultats obtenus par les mesures et d�¶�H�[�S�O�R�U�H�U���G�H�V���V�F�p�Q�D�U�L�R�V���j���S�O�X�V���O�R�Q�J���W�H�U�P�H�����H�W���V�H�O�R�Q��

des pratiques plus nombreuses que ce qui peut être réalisé simplement avec les mesures. Ils permettent 

�G�¶�L�G�H�Q�W�L�I�L�H�U���G�H�V���S�U�D�W�L�T�X�H�V���j���F�R�Q�V�H�L�O�O�H�U���R�X à proscrire pour améliorer le bilan environnemental de la filière. 

�&�H�V�� �D�S�S�U�R�F�K�H�V�� �P�R�Q�W�U�H�Q�W�� �T�X�H���� �j�� �O�¶�p�F�K�H�O�O�H�� �G�H�� �O�D�� �I�H�U�P�H���� �O�D�� �Y�D�O�R�U�L�V�D�W�L�R�Q�� �G�X�� �E�L�R�J�D�]�� �H�W�� �O�D�� �G�L�P�L�Q�X�W�L�R�Q�� �G�H�V��

émissions de CH4 lors du stockage des PRO sont des éléments essentiels au bénéfice de la méthanisation 

�H�Q���W�H�U�P�H���G�¶�H�P�S�U�H�L�Q�W�H���F�D�U�E�R�Q�H�����/�H�V���D�V�S�H�F�W�V���D�J�U�R�Q�R�P�L�T�X�H�V���G�H���O�D���P�p�W�K�D�Q�L�V�D�W�L�R�Q���D�J�U�L�F�R�O�H�����F�R�P�P�H���O�¶�H�I�I�H�W��

de la substitution aux engrais chimiques (positif), les effets sur la MOS (mal caractérisés) ou les effets 

des émissions des digestats lors de leur application au champ (négatifs), peuvent impacter le bilan 

�H�Q�Y�L�U�R�Q�Q�H�P�H�Q�W�D�O���G�H���O�D���P�p�W�K�D�Q�L�V�D�W�L�R�Q�����&�H�V���T�X�H�V�W�L�R�Q�V���V�R�Q�W���D�X���F�°�X�U���G�H���O�D���W�K�p�P�D�W�L�T�X�H���G�H���O�D���P�p�W�K�D�Q�L�V�D�W�L�R�Q��

�D�J�U�L�F�R�O�H�����P�D�L�V���Q�¶�R�Q�W���H�Q�F�R�U�H���T�X�H���S�H�X���p�W�p���p�W�X�G�L�p�H�V���D�Y�H�F���G�H���W�H�O�O�H�V���D�S�S�U�R�F�K�H�V���� 

1.5.2 Objectifs de la thèse 

La méthanisation agricole dans une exploitation de �S�R�O�\�F�X�O�W�X�U�H���p�O�H�Y�D�J�H���D���G�¶�D�E�R�U�G���S�R�X�U���U�{�O�H���O�D���S�U�R�G�X�F�W�L�R�Q��

�G�¶�p�Q�H�U�J�L�H���U�H�Q�R�X�Y�H�O�D�E�O�H���H�W���O�H���W�U�D�L�W�H�P�H�Q�W���G�H�V���G�p�F�K�H�W�V�����1�p�D�Q�P�R�L�Q�V�����H�O�O�H���D���p�J�D�O�H�P�H�Q�W���G�H���I�R�U�W�H�V���F�R�Q�V�p�T�X�H�Q�F�H�V��

agronomiques, sur lesquelles nous nous concentrerons dans cette thèse. Les cycles du C et du N sont 

liés à une grande partie des effets agronomiques de la méthanisation : fertilisation, pertes azotées, 

émissions de GES, stockage de MOS. Les effets de la méthanisation sur la vie du sol peuvent aussi être 

liés à ces cycles, entre autres �Y�L�D�� �O�¶�D�S�S�R�U�W�� �G�H��matière organique comme source de nourriture, et 

�O�¶�p�S�D�Q�G�D�J�H���G�H���S�U�R�G�X�L�W�V���U�L�F�K�H�V���H�Q���D�]�R�W�H���D�P�P�R�Q�L�D�F�D�O���T�X�L���S�R�X�U�U�D�L�W���L�P�S�D�F�W�H�U���F�H�U�W�D�L�Q�V���R�U�J�D�Q�L�V�P�H�V����Dans cette 

optique, cette thèse veut donc répondre à la question générale suivante :  

Comment la méthanisation agricole en polyculture élevage modifie-t-elle les cycles du carbone et de 

�O�¶�D�]�R�W�H���j���O�¶�p�F�K�H�O�O�H���G�H���O�D���I�H�U�P�H�����F�¶�H�V�W-à-dire �V�X�U���O�¶�H�Q�V�H�P�E�O�H���G�H���O�D���I�L�O�L�q�U�H���G�X traitement des effluents �M�X�V�T�X�¶�j��

�O�¶�p�S�D�Q�G�D�J�H���G�H�V���G�L�J�H�V�W�D�W�V���D�X champ ? 

Cette question générale regroupe en réalité plusieurs questions plus spécifiques : 

- Comment les caractéristiques des digestats, influencées par les conditions de stockage ou de 

post-traitement, déterminent-elles leurs propriétés lors de leur épandage au champ ?  

- Peut-on quantifier globalement les effets de la méthanisation sur les différents flux azotés 

�G�¶�L�Q�W�p�U�r�W, comme la substitution des engrais chimiques par les digestats, la volatilisation 

�G�¶�D�P�P�R�Q�L�D�F�����O�H�V���p�P�L�V�V�L�R�Q�V���G�H���12O ou la lixiviation des nitrates, en considérant les différentes 

sources �G�¶�p�P�L�V�V�L�R�Q�V ? 

- �4�X�H�O���H�V�W���O�¶�H�I�I�H�W���G�H���O�D���P�p�W�K�D�Q�L�V�D�W�L�R�Q���V�X�U���O�H���V�W�R�F�N�D�J�H���G�H���0�2�6�����O�D���T�X�D�O�L�W�p���G�H�V���V�R�O�V, la fourniture en 

azote du sol et la vie du sol ? 
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- �4�X�H�O���H�V�W���O�¶�H�I�I�H�W���G�H���O�¶�L�P�S�R�U�W���G�H���G�p�F�K�H�W�V���H�[�W�p�U�L�H�X�U�V���V�X�U���O�D���T�X�D�O�L�W�p���H�W���O�D���T�X�D�Q�W�L�W�p���G�H�V���G�L�J�H�V�W�D�W�V���H�W���G�R�Q�F��

les bénéfices et risques de la méthanisation ? 

- Peut-on quantifier et comparer les effets de différentes pratiques lors du traitement, du stockage, 

�R�X���G�H���O�¶�p�S�D�Q�G�D�J�H���G�H�V���G�L�J�H�V�W�D�W�V���" 

Pour répondre à ce questionnement, �Q�R�X�V���D�Y�R�Q�V���X�W�L�O�L�V�p���X�Q�H���G�p�P�D�U�F�K�H���X�W�L�O�L�V�D�Q�W���O�¶�H�[�S�primentation et la 

modélisation. �8�Q���F�D�V���G�¶�p�W�X�G�H�����L�Q�F�O�X�D�Q�W���X�Q���H�V�V�D�L���D�X���F�K�D�P�S�����D���S�H�U�P�L�V���G�¶�D�F�T�X�p�U�L�U���G�H���E�R�Q�Q�H�V���U�p�I�p�U�H�Q�F�H�V���V�X�U��

�O�H�V���H�I�I�H�W�V���G�¶�X�Q���V�\�V�W�q�P�H���G�H���I�H�U�W�L�O�L�V�D�W�L�R�Q���X�W�L�O�L�V�D�Q�W���G�H�V���G�L�J�H�V�W�D�W�V�����D�X���O�L�H�X���G�¶�H�I�I�O�X�H�Q�W�V���E�R�Y�L�Q�V���R�X���G�¶�H�Q�J�U�D�L�V���G�H��

synthèse, sur le cycle de �O�¶�D�]�R�W�H���G�X���F�K�D�P�S���H�W���V�X�U���O�D���Y�L�H���G�X���V�R�O�����&�H���F�D�V���G�¶�p�W�X�G�H���Q�R�X�V���D���S�H�U�P�L�V���G�H��construire 

�X�Q�� �P�R�G�q�O�H�� �j�� �O�¶�p�F�K�H�O�O�H�� �G�H�� �O�D�� �I�H�U�P�H, �F�R�P�S�R�V�p�� �G�H�� �G�H�X�[�� �S�D�U�W�L�H�V���� �O�¶�X�Q�H�� �W�U�D�L�W�D�Q�W�� �G�H�� �O�¶�D�V�S�H�F�W�� �W�U�D�L�W�H�P�H�Q�W�� �G�H�V��

déchets de la méthanisation (méthanisation et stockage du digestat, modèle SYS-�0�H�W�K�D������ �O�¶�D�X�W�U�H�� �G�H 

�O�¶�D�V�S�H�F�W���D�J�U�R�Q�R�P�L�T�X�H (application des digestats au champ, modèle STICS). La qualité et la quantité de 

digestats est au �F�°�X�U���G�X���F�R�X�S�O�D�J�H �H�Q�W�U�H���F�H�V���G�H�X�[���S�D�U�W�L�H�V�����/�H���F�D�V���G�¶�p�W�X�G�H���D���S�H�U�P�L�V���G�¶�p�Y�D�O�X�H�U���H�W���G�H���F�D�O�L�E�U�H�U��

chacune des sous-parties du modèle. Des scénarios ont enfin été simulés pour répondre aux questions 

de la thèse.  
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�/�¶�R�U�J�D�Q�L�V�D�W�L�R�Q���G�H���O�D���W�K�q�V�H���H�V�W���G�p�W�D�L�O�O�p�H���G�D�Q�V���O�D  

Figure 1.5, ainsi que dans le paragraphe suivant. 

Chapitre 2 �± La th�q�V�H�� �V�¶�D�S�S�X�L�H�� �V�X�U�� �X�Q�� �F�D�V�� �G�¶�p�W�X�G�H�� �R�U�L�J�L�Q�D�O : �O�H�� �V�L�W�H�� �G�¶�H�[�S�p�U�L�P�H�Q�W�D�W�L�R�Q��de �O�¶INRAE à 

Nouzilly (Centre Val-de-Loire, France). Ce site est basé sur une exploitation de polyculture élevage de 

�O�¶INRAE. Un élevage bovin fournit ses effluents à un méthaniseur exploité par Cap Vert Energie. Les 

�G�L�J�H�V�W�D�W�V���V�R�Q�W���H�Q�V�X�L�W�H���p�S�D�Q�G�X�V���D�X���F�K�D�P�S���V�X�U���O�¶�H�[�S�O�R�L�W�D�W�L�R�Q���D�J�U�L�F�R�O�H. Le chapitre présente �O�H���F�D�V���G�¶�p�W�X�G�H, 

�D�L�Q�V�L���T�X�H���O�H���S�U�R�W�R�F�R�O�H���G�¶�X�Q���H�V�V�D�L���D�X���F�K�D�P�S de 3 ans qui compare des systèmes de fertilisation utilisant 

des effluents bovins ou des digestats issus de leur méthanisation.  

Chapitre 3 �± Les résultats de cet essai au champ introduit dans le chapitre 2 sont présentés dans ce 

chapitre 3.  Nous mettons en regard les effets de la méthanisation des effluents bovins sur les propriétés 

fertilisantes des digestats et sur les pertes azotées au champ. 

Chapitre 4 �± �&�H�W���H�V�V�D�L���D�X���F�K�D�P�S���D���S�H�U�P�L�V���G�¶�p�Y�D�O�X�H�U��la capacité du modèle sol-plante STICS à simuler 

�O�H�� �F�\�F�O�H�� �G�H�� �O�¶�D�]�R�W�H�� �O�R�U�V�� �G�¶�X�Q�H�� �U�R�W�D�W�L�R�Q�� �F�Xlturale fertilisée avec des digestats, ainsi qu�¶�j�� �S�U�p�G�L�U�H�� �O�H�V��

différences entre les systèmes de fertilisation étudiés. STICS sera donc utilisé comme modèle pour 

simuler les épandages de digestats.  

Chapitre 5 �± �/�H���P�p�W�K�D�Q�L�V�H�X�U���G�X���F�D�V���G�¶�p�W�X�G�H, traitant des �G�p�F�K�H�W�V���Y�D�U�L�p�V�����D���S�H�U�P�L�V���G�¶�p�Y�D�O�X�H�U���O�D���F�D�S�D�F�L�W�p��

du modèle de de méthanisation SYS-Metha à prédire la qualité des digestats et la production de biogaz. 

SYS-Metha sera utilisé pour simuler la digestion et le stockage des digestats. 

Chapitre 6 �±  Enfin, nous couplons les modèles STICS et SYS-Metha pour �T�X�D�Q�W�L�I�L�H�U�� �O�¶�H�I�I�H�W�� �G�H��

�O�¶�L�Q�W�U�R�G�X�F�W�L�R�Q�� �G�H�� �O�D�� �P�p�W�K�D�Q�L�V�D�W�L�R�Q�� �V�X�U�� �O�H�V�� �I�O�X�[�� �G�H���&�� �H�W�� �1���� �1�R�X�V�� �V�L�P�X�O�R�Q�V�� �G�L�I�I�p�U�H�Q�W�V�� �V�F�p�Q�D�U�L�R�V�� �S�R�X�U��

quantifier les effets de �O�¶�L�P�S�R�U�W���G�H���G�p�F�K�H�W�V���H�[�W�p�U�L�H�X�U�V et de différentes pratiques de gestion du digestat, 

du post-�W�U�D�L�W�H�P�H�Q�W���j���O�¶�p�S�D�Q�G�D�J�H�� 

Chapitre 7 �± Néanmoins, cette quantification des flux de C et N �Q�H���S�H�U�P�H�W���S�D�V���G�¶�p�Y�D�O�X�H�U���O�H�V��autres effets 

�G�H�� �O�¶�L�Q�W�U�R�G�X�F�W�L�R�Q�� �G�H�� �O�D�� �P�p�W�K�D�Q�L�V�D�W�L�R�Q���� �3�R�X�U�� �L�O�O�X�V�W�U�H�U�� �F�H�W�W�H�� �O�L�P�L�W�H���� �H�W�� �H�[�S�O�R�U�H�U�� �X�Q�H�� �G�H�U�Q�L�q�U�H�� �T�X�H�V�W�L�Rn de 

�U�H�F�K�H�U�F�K�H�� �O�L�p�H�� �j�� �O�¶�L�Q�W�U�R�Guction de la méthanisation agricole, nous présentons �X�Q�H�� �p�W�X�G�H�� �V�X�U�� �O�¶�H�I�I�H�W�� �G�H��

�O�¶�p�S�D�Q�G�D�J�H���G�H���G�L�J�H�V�W�D�W���V�X�U���O�D���E�L�R�O�R�J�L�H���G�X���V�R�O���D�X���W�U�D�Y�H�U�V���G�H���O�¶�H�[�H�P�S�O�H���G�H�V��vers de terre. 

Chapitre 8 �± Enfin, �O�¶�H�Q�V�H�P�E�O�H�� �G�H�V�� �U�p�V�X�O�W�D�W�V�� �R�E�W�H�Q�X�V�� �G�D�Q�V�� �Fette thèse fait �O�¶�R�E�M�H�W�� �G�¶�X�Q�H�� �G�L�V�F�X�V�V�L�R�Q��

générale 
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Figure 1.5 �± Plan de la thèse 
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Chapitre 2  
�3�U�p�V�H�Q�W�D�W�L�R�Q���G�X���V�L�W�H���G�¶�H�[�S�p�U�L�P�H�Q�W�D�W�L�R�Q��à Nouzilly 

 

 

�&�H�W�W�H�� �W�K�q�V�H�� �H�V�W�� �F�R�Q�V�W�U�X�L�W�H�� �D�X�W�R�X�U�� �G�X�� �F�D�V�� �G�¶�p�W�X�G�H�� �G�H�� �O�¶�H�[�S�O�R�L�W�D�W�L�R�Q�� �H�Q�� �S�R�O�\�F�X�O�W�X�U�H�� �p�O�H�Y�D�J�H�� �Gu centre 
INRAE à Nouzilly (Centre �± Val de Loire) et du méthaniseur localisé sur ce centre. Ce chapitre présente 
�O�H���F�D�V���G�¶�p�W�X�G�H, �O�H���S�U�R�M�H�W���G�H���U�H�F�K�H�U�F�K�H���0�p�W�D�0�p�W�K�D���T�X�L���O�¶�D���p�W�X�G�L�p�����H�W���O�¶�H�V�V�D�L���D�X���F�K�D�P�S���T�X�L���D���H�X���O�L�H�X���G�D�Q�V���O�H��
�F�D�G�U�H���G�H���F�H���S�U�R�M�H�W�����/�H�V���U�p�V�X�O�W�D�W�V���G�H���O�¶�H�V�V�D�L���D�X���F�K�D�P�S���V�H�U�R�Q�W���S�U�p�V�H�Q�W�p�V��dans le chapitre 3. 
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2.1 Contexte régional 

2.1.1 Localisation, agriculture et climat 
Le site de Nouzilly es�W�� �V�L�W�X�p�� �G�D�Q�V�� �O�H�� �G�p�S�D�U�W�H�P�H�Q�W�� �G�¶�,�Q�G�U�H-et-Loire (37), région Centre Val-de-Loire, 
France. Il est localisé à environ 20 km au nord de Tours (coordonnées : �����ƒ�����¶���1�������ƒ�����¶���() (Figure 2.1). 

�'�¶�D�S�U�q�V�� �O�¶�H�Q�T�X�r�W�H�� �$�*�5�(�6�7�(�� ������������ �H�Q�� �U�p�J�L�R�Q�� �&�H�Q�W�U�H�� �9�D�O-de-Loire, la surface agricole utile (SAU) 
représentait 60% de la surface totale en 2016. La culture de céréales domine. Elle représente environ la 
�P�R�L�W�L�p�� �G�H�� �O�D�� �6�$�8���� �1�p�D�Q�P�R�L�Q�V���� �G�D�Q�V�� �O�D�� �U�p�J�L�R�Q���� �O�¶�D�J�U�L�F�X�O�W�X�U�H�� �H�V�W�� �G�L�Y�H�U�V�L�I�L�p�H����avec des oléagineux, du 
vignoble, des vergers de pommes et de poires, du maraî�F�K�D�J�H�����D�L�Q�V�L���T�X�H���G�H���O�¶�p�O�H�Y�D�J�H�����E�R�Y�L�Q���Y�L�D�Q�G�H���H�W��
lait, ovin, porcin, avicole, caprin) (AGRESTE, 2017), (centre-valdeloire.chambres-agriculture.fr/) 
(Figure 2.2). 

En Indre-et-Loire, �j���O�¶�H�[�F�H�S�W�L�R�Q���G�H�V zones de cultures spécialisées �G�H�V���E�R�U�G�V���G�H���/�R�L�U�H�����O�¶�D�J�U�L�F�X�O�W�X�U�H���H�V�W��
�G�R�P�L�Q�p�H���S�D�U���O�H�V���J�U�D�Q�G�H�V���F�X�O�W�X�U�H�V�����D�V�V�R�F�L�p�H�V���j���O�¶�p�O�H�Y�D�J�H�����/�D���V�X�S�H�U�I�L�F�L�H���W�R�W�D�O�H���H�V�W���G�H�������� 000 ha, et la SAU 
de 351 000 ha. En 2018, les principales cultures sont : 

- les céréales (46% de la SAU), dont le blé (31% de la SA�8�������O�¶�R�U�J�H�������������H�W���O�H���P�D�w�V�������������� 
- les oléagineux (19%) qui incluent le tournesol,  
- les prairies artificielles et temporaires (7%), et les surfaces toujours en herbe (10%) (AGRESTE, 

2020).  

�/�¶�p�O�H�Y�D�J�H���H�V�W���G�R�P�L�Q�p���S�D�U���O�¶�p�O�H�Y�D�J�H���E�R�Y�L�Q���O�D�L�W�L�H�U���H�W���O�¶�p�O�H�Y�D�J�H���F�D�S�U�Ln (AGRESTE, 2020). Le climat est 
océanique (classification Cfb selon la classification de Köppen). A Tours, entre 1981 et 2010, la 
température moyenne annuelle est de 11,8 °C et la pluviométrie annuelle moyenne est de 696 mm 
(Météo-France). 

 

Figure 2.1 �± Localisation du site de Nouzilly, a) en France, et b) en région Centre Val-de-Loire. 
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Figure 2.2 �± �7�\�S�H�� �G�¶�D�J�U�L�F�X�O�W�X�U�H�� �H�Q�� �U�p�J�L�R�Q�� �&�H�Q�W�U�H�� �9�D�O-de-�/�R�L�U�H���� �(�[�W�U�D�L�W�� �G�H�V�� �$�J�U�L�¶�U�H�S�q�U�H�V�� �$�*�5�(�6�7�(��
(2017). 

2.1.2 La méthanisation en Centre Val-de-Loire 
En Centre Val-de-Loire, en 2021, on dénombre 39 unités de méthanisation, dont 22 à la ferme (16 en 
cogénération, 6 en injection), 11 centralisées (4 en cogénération, 7 en injection), 2 unités utilisant 
seulement une couverture de fosse à lisier avec valorisation de la chaleur uniquement, 1 unité en station 
�G�¶�p�S�X�U�D�W�L�R�Q���G�H�V���H�D�X�[���X�V�p�H�V�����6�7�(�3����avec valorisation de la chaleur uniquement, et 3 unités en industrie 
avec valorisation de la chaleur uniquement (SINOE, 2021). Elles étaient 20 en 2017. 

2.1.3 Enquête sur la méthanisation en Centre Val-de-Loire en 2016 
En 2016, une enquête a été menée auprès de 13 unités de méthanisation à la ferme par la chambre 
�G�¶�D�J�U�L�F�X�O�W�X�U�H���G�X���&�H�Q�W�U�H���9�D�O-de-Loire, dans le cadre du projet MétaMétha (présenté en section 2.3). Le 
but était de répertorier les pratiques agricoles liées à la gestion des digestats. Nous en faisons une 
synthèse ici. Les unités enquêtées utilisent toutes un procédé en voie humide mésophile. Elles traitent 
entre 5 500 et 22 500 t de déchets par an (moyenne : 10 200 t an-1). Sur les 13 unités, 10 post-traitent le 
digestat par séparation de phase, par presse à vis���� �/�H�V�� �X�Q�L�W�p�V�� �Q�¶�X�W�L�O�L�V�D�Q�W�� �S�D�V�� �Ge séparation de phase 
produisent des digestats bruts avec des teneurs en matière sèche relativement faibles (5 à 10%), ce qui 
�S�H�U�P�H�W�� �G�H�� �O�H�V�� �p�S�D�Q�G�U�H�� �P�D�O�J�U�p�� �W�R�X�W�� �j�� �O�¶�D�L�G�H�� �G�¶�X�Q�H�� �U�D�P�S�H�� �j�� �S�H�Q�G�L�O�O�D�U�G sans bouchage des buses. Cinq 
�X�Q�L�W�p�V���V�R�Q�W���p�T�X�L�S�p�H�V���G�¶une couverture de fosse de stockage des digestats liquides ou bruts. 

Les digestats solides représentent des volumes relativement faibles. Ils sont le plus souvent épandus 
avec des épandeurs à fumier. Ils sont épandu�V�� �V�R�L�W�� �H�Q�� �I�L�Q�� �G�¶�p�W�p�� ���G�H�Y�D�Q�W�� �F�R�O�]�D���� �E�O�p���� �Ru cultures 
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intermédiaires à vocation énergétique �± CIVE), soit au printemps (prairies, ou avant les semis de maïs). 
Les digestats solides sont typiquement apportés avec une dose de 10 à 15 t ha-1. 

Les digestats liquides ou bruts représentent des volumes importants. La plupart des digestats liquides ou 
bruts sont épandus avec une tonne à lisier et une rampe à pendillard. Quelques agriculteurs testent des 
�V�\�V�W�q�P�H�V���G�¶�p�S�D�Q�G�D�J�H���V�D�Q�V���W�R�Q�Q�H (enrouleur, cordon ombilical), souvent en prestation de service, pour 
éviter les problématiques de tassement de sol. �/�¶utilisation des digestats est guidée par des contraintes 
de volume de stockage et la volonté de valoriser leur capacité fertilisante. En conséquence, les deux 
�S�p�U�L�R�G�H�V�� �G�¶�p�S�D�Q�G�D�J�H so�Q�W�� �O�¶�D�X�W�R�P�Q�H�� ���J�H�V�W�L�R�Q�� �G�X�� �V�W�R�F�N) et au début du printemps (fertilisation des 
cultures). En �I�L�Q���G�¶�p�W�p���R�X automne, les digestats sont apportés devant colza ou sur prairie, parfois devant 
une céréale ou une CIVE. Au printemps, période qui semble être favorisée, les digestats sont apportés 
sur céréale (blé en particulier), devant maïs, sur prairie�����H�W���W�U�q�V���S�H�X���V�X�U���F�R�O�]�D�����/�H�V���G�R�V�H�V���G�¶�D�S�S�R�U�W�V���G�H��
digestats liquides ou bruts varient de 20 à 35 t ha-1 en �I�L�Q���G�¶�p�W�p���R�X���H�Q��automne, et de 25 à 50 t ha-1 au 
�S�U�L�Q�W�H�P�S�V�����/�R�U�V���G�¶�D�S�S�R�U�W�V���V�X�U���O�H�V���F�X�O�W�X�U�H�V e�Q���I�L�Q���G�¶�K�L�Y�H�U���R�X���D�X���S�U�L�Q�W�H�P�S�V�����O�¶�p�S�D�Q�G�D�J�H���D�Y�H�F���W�R�Q�Q�H���j���O�L�V�L�H�U��
et rampe à pendillard ne permet pas de passer trop tôt (sol humide et peu portant), ni trop tard (risque 
�G�¶�D�E�v�P�H�U���O�H�V���F�X�O�W�X�U�H�V������Sur maïs, les apports se font surtout juste avant le semis ou à la place du premier 
apport �G�¶�H�Q�J�U�D�L�V���P�L�Q�p�U�D�O��(stade 2-3 feuilles). Sur blé, les apports sont réalisés à la place du premier ou 
deuxième apport, mais jamais en troisième apport. Dans les rares épandages sur colza au printemps, les 
digestats sont apportés au premier apport, mais pas au deuxième. Les prairies peuvent recevoir du 
digestat à de nombreux moments �G�D�Q�V���O�¶�D�Q�Q�p�H�����G�q�V���T�X�H���O�H���V�R�O���H�V�W���S�R�U�W�D�Q�W : en février pour avoir le temps 
que la pluie lave les feuilles avant la pâture ou la récolte, après une coupe au printemps pour favoriser 
la repousse ou �H�Q�� �Q�R�Y�H�P�E�U�H���� �/�D�� �S�U�D�L�U�L�H�� �S�H�U�P�H�W�� �G�¶�p�S�D�Q�G�U�H�� �O�H�� �G�L�J�H�V�W�D�W�� �j�� �G�H�� �Q�R�P�E�U�H�X�[�� �P�R�P�H�Q�Ws dans 
�O�¶�D�Q�Q�p�H �H�Q���U�D�L�V�R�Q���G�H���O�¶�D�E�V�H�Q�F�H���G�H���S�U�R�E�O�q�P�H���G�H���S�R�U�W�D�Q�F�H���G�H�V���V�R�O�V����ce qui facilite la gestion des stocks. 
Pour les agriculteurs, les avantages des digestats par rapport aux effluents non digérés sont un meilleur 
pouvoir fertilisant et �P�R�L�Q�V���G�H���S�U�R�E�O�q�P�H�V���G�¶odeurs. En 2017, la fertilisation avec les digestats est encore 
mal maîtrisée (recul encore faible sur leur utilisation), et beaucoup �G�¶�D�J�U�L�F�X�O�W�H�X�U�V���V�¶�L�Q�W�H�U�U�R�J�Hnt sur les 
problèmes de tassement de sol. 

2.1.4 Evolution de la méthanisation agricole en région Centre Val-de-
Loire entre 2016 et 2020 

Depuis 2016, le nombre de méthaniseurs agricoles augmente, et la gestion du digestat évolue avec les 
retour�V���G�¶�H�[�S�p�U�L�H�Q�F�H�����-�¶�D�L���S�X���U�p�D�O�L�V�H�U���S�O�X�V�L�H�X�U�V���U�p�X�Q�L�R�Q�V���D�Y�H�F���G�H�V���P�H�P�E�U�H�V���G�H�V���F�K�D�P�E�U�H�V���G�¶�D�J�U�L�F�X�O�W�X�U�H 
du Loiret, �G�X���&�K�H�U���H�W���G�H���O�¶�,�Q�G�U�H�����S�R�X�U���V�X�L�Y�U�H���O�H�V���p�Y�R�O�X�W�L�R�Q�V���G�H�V���S�U�D�W�L�T�X�H�V���G�H�V���D�J�U�L�F�X�O�W�H�X�U�V���P�p�W�K�D�Q�L�V�H�X�U�V����
Les projets de méthanisation ont tendance à être plus importants : parmi les méthaniseurs recensés sur 
la base de données SINOE, les méthaniseurs agricoles mis en service avant 2017 traitent en moyenne 9 
700 t de déchets par an (n = 11) contre 11 900 t pour ceux mis en service entre 2017 et 2020 (n = 8). Il 
�V�¶�D�J�L�W���W�R�X�M�R�X�U�V���G�¶�X�Q�L�W�ps en voie humide infiniment mélangée. La méthanisation en voie sèche discontinue 
�Q�¶�H�V�W���S�D�V���W�U�q�V���G�p�Y�H�O�R�S�S�p�H��dans la région. Avant 2017, les méthaniseurs agricoles étaient souvent installés 
sur des exploitations en polyculture é�O�H�Y�D�J�H���� �S�R�X�U�� �J�p�U�H�U�� �O�H�V�� �H�I�I�O�X�H�Q�W�V���� �6�X�U�� �F�H�� �W�\�S�H�� �G�¶�Lnstallation, les 
intrants moyens sont : 70% �G�¶effluents (lisier + �I�X�P�L�H�U���������������G�¶�L�Q�W�H�U�F�X�O�W�X�U�H�V�������������G�H���G�p�F�K�H�W�V���H�[�W�p�U�L�H�X�U�V��
(déchets de �W�R�Q�W�H�����G�p�F�K�H�W�V���G�¶�L�Q�G�X�V�W�U�L�H���D�J�U�R�D�O�L�P�H�Q�W�D�L�U�H���± IAA, déchets de cantine, par exemple). Un autre 
type de projet a vu le jour, avec des méthaniseurs dont la ration est composée par environ 60% de culture 
(CIVE, quelques cultures dédiées) et des produits extérieurs (pouvant inclure des effluents animaux). 
Ce nouveau système concerne des grandes surfaces de cultures céréalières.  

La gestion des digestats �Q�¶a que très légèrement évoluée. Les agriculteurs essaient de valoriser les 
�G�L�J�H�V�W�D�W�V���O�H���P�L�H�X�[���S�R�V�V�L�E�O�H���G�¶�X�Q���S�R�L�Q�W���G�H���Y�X�H���D�J�U�R�Q�R�P�L�T�X�H�����P�D�L�V���O�H�V���F�R�Q�W�U�D�L�Q�W�H�V���O�R�J�L�V�W�L�T�X�H�V���V�X�U���O�H���F�K�R�L�[��
des �G�D�W�H�V�� �H�W�� �G�R�V�H�V�� �G�¶�p�S�D�Q�G�D�J�H�� �U�H�V�W�H�Q�W�� �W�U�q�V�� �I�R�U�W�H�V����Les épandages avec une tonne à lisier posent des 
problèmes de logistique (nombreux allers-retours), et de tassement des sols. Les épandages se font de 
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plus en plus avec des systèmes plus adaptés : épandage sans tonne, rampe à pendillard large de 36 m qui 
permet de faire moins de traces dans la culture. �1�R�X�V���Q�¶�D�Y�R�Q�V���S�D�V���H�X���G�¶�L�Q�I�R�U�P�D�W�L�R�Q���V�X�U���O�¶�H�Q�I�R�X�L�V�V�H�P�H�Q�W��
des digestats. La gestion de la charge de travail (méthaniseur, transport et épandage des digestats, culture 
�G�H�V���&�,�9�(�����H�W���G�X���F�R�€�W���G�H���O�¶�p�S�D�Q�G�D�J�H �V�R�Q�W���G�H�V���T�X�H�V�W�L�R�Q�V���G�¶�D�F�W�X�D�O�L�W�p���S�R�X�U���O�H�V���D�J�U�L�F�X�O�W�H�X�U�V�� 

2.2 Description du site de Nouzilly 
2.2.1 Description générale 

�/�¶�8�Q�L�W�p���(�[�S�p�U�L�P�H�Q�W�D�O�H���G�H���3�K�\�V�L�R�O�R�J�L�H���$�Q�L�P�D�O�H���G�H���O�¶�2�U�I�U�D�V�L�q�U�H (UE PAO �± INRAE, Nouzilly, France) 
est une unité expérimentale de recherche qui contribue à des travaux en �S�U�R�G�X�F�W�L�R�Q���D�Q�L�P�D�O�H�����D�L�Q�V�L���T�X�¶en 
agroécologie (www6.val-de-�O�R�L�U�H���L�Q�U�D�H���I�U���X�H�S�D�R�������/�¶�8�(���3�$�2���S�R�V�V�q�G�H���D�L�Q�V�L���G�H�V���p�O�H�Y�D�J�H�V���E�R�Y�L�Qs, ovins, 
caprins, équins et porcins���� �/�¶�p�T�X�L�S�H�� �© Domaine » de �O�¶�8�(�� �3�$�2�� �D�� �S�R�X�U�� �P�L�V�V�L�R�Q�� �G�¶�H�[�S�O�R�L�W�H�U�� �O�H�V�� �W�H�U�U�H�V��
�D�J�U�L�F�R�O�H�V���G�H���O�¶�X�Q�L�W�p���S�R�X�U���S�U�R�G�X�L�U�H���Oes fourrages nécessaires aux élevages ce qui inclue la valorisation 
des effluents au champ, entre autres�����&�¶�H�V�W���V�X�U��ses terres que se déroulent les projets de recherche sur 
�O�¶�D�J�U�R�p�F�R�O�R�J�L�H����autonomie fourragère, itinéraire techniques sans pesticides, agroforesterie). En 2014, un 
méthaniseur, exploité par la société Cap Vert Energie, a été construit à proximité des installations de 
�O�¶�8�(�3�$�2�����&�H���P�p�W�K�D�Q�L�V�H�X�U���U�H�F�\�F�O�H���X�Q�H���J�U�D�Q�G�H���S�D�U�W�L�H���G�H�V���H�I�I�O�X�H�Q�W�V���G�¶�p�O�H�Y�D�J�H���G�H���O�¶�,�1�5�$�(�����H�W���O�H���G�L�J�H�V�W�D�W��
�H�V�W�� �P�D�M�R�U�L�W�D�L�U�H�P�H�Q�W�� �p�S�D�Q�G�X�� �V�X�U�� �O�H�V�� �W�H�U�U�H�V�� �D�J�U�L�F�R�O�H�V�� �G�H�� �O�¶�,�1�5�$�(���� �/�D�� �S�U�R�[�L�P�L�W�p�� �G�H�� �O�¶�p�O�H�Y�D�J�H���� �G�X��
méthaniseur et des terres agricoles a contribué à la mise en place du projet MétaMétha et de son essai 
au �F�K�D�P�S�����/�¶�H�P�S�O�D�F�H�P�H�Q�W���G�H���F�H�V���L�Q�I�U�D�V�W�U�X�F�W�X�U�Hs est montré en Figure 2.3. 

 

 

Figure 2.3 �± Photographie aérienne du site de Nouzilly. Coordonnées : 47,545377°N, 0,789024°E. 
Source : www.geoportail.gouv.fr. 
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2.2.2 L�¶�p�O�H�Y�D�J�H 
�/�¶�,�1�5�$�(���S�R�V�V�q�G�H���S�O�X�V�L�H�X�U�V���p�O�H�Y�D�J�H�V. Seuls ceux dont les effluents sont traités dans le méthaniseur du 
site sont présentés : les élevages bovin, ovin et équin. 

�/�¶�p�O�H�Y�D�J�H���p�T�X�L�Q���F�R�P�S�R�U�W�H���H�Q�Y�L�U�R�Q�����������F�K�H�Y�D�X�[���G�R�Q�W�����������M�X�P�H�Q�W�V�����/�H���I�X�P�L�H�U���p�T�X�L�Q���I�U�D�L�V���H�V�W���X�Q���L�Q�W�U�D�Q�W��
�G�X�� �P�p�W�K�D�Q�L�V�H�X�U���� �/�¶�p�O�H�Y�D�J�H�� �R�Y�L�Q�� �H�V�W�� �F�R�Q�V�W�L�W�X�p�� �G�H�� ���������� �E�r�W�H�V���� �/�D�� �S�O�X�S�D�U�W�� �G�H�V�� �D�Q�L�P�D�X�[�� �S�k�W�X�U�Hnt au 
printemps et en été, et restent en bergerie en hiver. Le fumier ovin frais est un intrant du méthaniseur. 
�/�¶�p�O�H�Y�D�J�H���E�R�Y�L�Q���H�V�W���X�Q���p�O�H�Y�D�J�H���E�R�Y�L�Q���O�D�L�W�L�H�U�����F�R�P�S�R�V�p���G�¶�H�Q�Y�L�U�R�Q���������Y�D�F�K�H�V���O�D�L�W�L�q�U�H�V���H�W�����������J�p�Q�L�V�V�H�V���H�W��
vaches taries. �6�H�X�O�H�V�� �O�H�V�� �J�p�Q�L�V�V�H�V�� �S�k�W�X�U�H�Q�W�� �����P�R�L�V�� �G�H�� �O�¶�D�Q�Q�p�H���� �/�H�V�� �Y�D�F�K�H�V�� �O�D�L�W�L�q�U�H�V�� �H�W�� �W�D�U�L�Hs restent en 
�E�k�W�L�P�H�Q�W���W�R�X�W�H���O�¶�D�Q�Q�p�H���V�X�U���D�L�U�H���S�D�L�O�O�p�H�����X�Q���F�R�X�O�R�L�U���p�T�X�L�S�p���G�¶�X�Q���U�D�F�O�H�X�U���p�Y�D�F�X�H���O�H���O�L�V�L�H�U���H�Q���E�R�X�W���G�H���E�k�W�L�P�H�Q�W��
dans une pré-fosse non couverte). Le lisier est ensuite pompé vers le méthaniseur. Les fumiers bovins 
sont assez pailleux. Quand ils sont frais, ils sont un intrant du méthaniseur. Alternativement à la gestion 
par méthanisation, les fumiers bovins sont stockés en fumière couverte comme les fumiers ovins et 
équins. Ces fumiers sont ensuite compostés en andain sur une plateforme non couverte puis épandus sur 
les terres agricoles. 

2.2.3 Le méthaniseur 
Le méthaniseur de Nouzilly (Cap Vert Bioénergie Nouzilly) a été mis en service en 2014, à proximité 
�G�X���V�L�W�H���G�H���O�¶�,�1�5�$�(�����,�O���H�V�W���H�[�S�O�R�L�W�p���S�D�U���O�D���V�R�F�L�p�W�p���&�D�S���9�H�U�W���(�Q�H�U�J�L�H�����,�O���V�¶�D�J�L�W���G�¶�X�Q���P�p�W�K�D�Q�L�V�H�X�U���H�Q��voie 
humide infiniment mélangée mésophile. Le biogaz est valorisé en cogénération. Le méthaniseur est une 
Installation Classée �S�R�X�U���O�D���3�U�R�W�H�F�W�L�R�Q���G�H���O�¶�(�Q�Y�L�U�R�Q�Q�H�P�H�Q�W�����,�&�3�(�����V�R�X�P�L�Ve à autorisation. La capacité 
de traitement est de 12 000 t de déchets par an, mais la quantité réelle de déchets est comprise entre 7 
500 et 8 000 t an-1. Une partie de la chaleur est valorisée avec le chauffage du méthaniseur, une autre 
partie est vendue �j���O�¶�,�1�5�$�(���S�R�X�U���O�H���F�K�D�X�I�I�D�J�H���G�H�V���E�k�W�L�P�H�Q�W�V���H�Q���K�L�Y�H�U�����H�W���S�R�X�U�� �X�Q���V�p�F�K�R�L�U���j�� �I�R�X�Urage 
agricole en été. La chaleur vendue �j���O�¶�,�1�5�$�(���U�H�V�W�H���I�D�L�E�O�H�� �G�H���O�¶�R�U�G�U�H���G�H�����������0�:�K���D�Q-1 thermique, au 
regard de la production électrique qui se situe autour de 1 300 MWh an-1 électrique.  

�/�H���P�p�W�K�D�Q�L�V�H�X�U���H�V�W���F�R�Q�V�W�L�W�X�p���G�¶�X�Q�H���S�U�p�I�R�V�V�H���S�R�X�U���P�p�O�D�Q�J�H�U���O�D���U�D�W�L�R�Q���M�R�X�U�Q�D�O�L�q�U�H�����G�¶�X�Q���G�L�J�H�V�W�H�X�U���S�U�L�Q�F�L�S�D�O��
(1 600 m3) �H�W���G�¶�X�Q���S�R�V�W���G�L�J�H�V�W�H�X�U�������������P3). Le temps de séjour total est de 100 jours environ. À sa sortie, 
le digestat brut subit une séparation de phase dans une presse à vis. Le digestat solide est stocké sur 
place puis envoyé à l�¶�,�1�5�$�(���W�R�X�V���O�H�V���T�X�L�Q�]�H���M�R�X�U�V���R�•���L�O���H�V�W���X�V�X�H�O�O�H�P�H�Q�W���F�R-composté avec des effluents 
�G�¶�p�O�H�Y�D�J�H�����/�H���G�L�J�H�V�W�D�W���O�L�T�X�L�G�H�� �H�V�W�� �V�W�R�F�N�p���G�D�Q�V���X�Q�H���O�D�J�X�Q�H���Q�R�Q�� �F�R�X�Y�H�U�W�H������ 500 m3, 1 340 m2) (Figure 
2.4). 

�/�H�V�� �H�[�S�O�R�L�W�D�Q�W�V�� �G�X�� �P�p�W�K�D�Q�L�V�H�X�U�� �R�Q�W�� �S�X�� �Q�R�X�V�� �W�U�D�Q�V�P�H�W�W�U�H�� �G�H�V�� �G�R�Q�Q�p�H�V�� �G�¶�L�P�S�R�U�W�V�� �G�H�� �G�p�F�K�H�W�V�� �V�X�U�� �O�D��
�S�O�D�W�H�I�R�U�P�H���� �G�H�� �G�p�F�K�H�W�V�� �H�Q�W�U�D�Q�W�� �G�D�Q�V�� �O�D�� �U�D�W�L�R�Q���� �G�H�� �S�U�R�G�X�F�W�L�R�Q�� �G�H�� �E�L�R�J�D�]���� �H�W�� �G�¶�H�[�S�R�U�W�� �G�H�� �G�L�J�H�V�W�D�Ws, à 
�O�¶�p�F�K�H�O�O�H���G�H���O�D���V�H�P�D�L�Q�H�����H�Q�W�U�H���O�H�������������������������H�W���O�H������������������������ Sur ces trois années, les intrants ont été 
stables. En moyenne, le méthaniseur a traité 7 500 t de déchets. Les déchets traités sont variés : on en 
dénombre une trentaine sur cette période�����,�O���V�¶�D�J�L�W��de �O�L�V�L�H�U�V���E�R�Y�L�Q�V���G�H���O�¶�,�1�5�$�(������1% des intrants en 
masse), de fumiers équin, bovin, et ovin (17�������� �G�H���E�R�X�H�V�� �G�¶�p�S�X�U�D�W�L�R�Q�� �L�V�V�Xe�V�� �G�H�� �V�W�D�W�L�R�Q�V�� �G�¶�p�S�X�U�D�W�L�R�Q�V��
urbaines (29%), de divers boues et déchets issus des IAA (18���������G�H���J�U�D�L�V�V�H�V���������������G�¶�H�D�X�[���V�D�O�Hs (9%), 
d�¶issues de silos de céréales (8%) ainsi que quelques déchets autres comme des déchets de tonte de bords 
de route (Figure 2.5). 
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Figure 2.4 �± Photographie A) du méthaniseur de Nouzilly, B) de la presse à vis et du stockage de digestat 
solide, C) de la lagune de stockage de digestat liquide. © INRAE. 

 

 

 

Figure 2.5 �± Ration moyenne du méthaniseur 
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2.2.4 �/�¶�Hxploitation agricole 
�/�H�V���W�H�U�U�H�V���D�J�U�L�F�R�O�H�V���G�H���O�¶�,�1�5�$�(���V�R�Q�W���H�[�S�O�R�L�W�p�H�V���S�D�U���O�¶�8�(���3�$�2�����,�O���V�¶�D�J�L�W���G�¶�X�Q�H���H�[�S�O�R�L�W�D�W�L�R�Q���D�J�U�L�F�R�O�H���G�H��
grandes cultures en gestion conventionnelle de 407 ha. �/�¶�H�[�S�O�R�L�W�D�W�L�R�Q��produ�L�W���G�H���O�¶�D�O�L�P�H�Q�W�D�W�L�R�Q���S�R�X�U���O�H�V��
�p�O�H�Y�D�J�H�V�� �G�H�� �O�¶�,�1�5�$�(�� �H�W�� �S�H�U�P�H�W�� �G�H�� �Y�D�O�R�U�L�V�H�U�� �O�H�V�� �H�I�I�O�X�H�Q�W�V�� �G�H�V�� �D�Q�L�P�D�X�[�� �D�X�� �F�K�D�P�S���� �/�¶�D�V�V�R�O�H�P�H�Q�W�� �H�V�W��
constitué de prairies (32%, dont 4% de prairies permanentes), de blé (22%), de maïs (17%, dont maïs 
grain 10% et maïs ensilage 7%)���� �G�¶�R�U�J�H�� ������������ �G�H�� �O�X�]�H�U�Q�H�� ������������ �H�W�� �G�¶�X�Q�H��diversité �G�¶�D�X�W�U�H�V�� �F�X�O�W�X�U�H�V����
souvent fourragères (pois, soja, moha, fèverole, méteil, triticale, avoine). Les prairies restent en moyenne 
4 ou 5 ans. Les prairies sont en général des associations de graminées (ray-grass hybride, dactyle, 
�I�p�W�X�T�X�H�������D�Y�H�F���G�H�V���W�U�q�I�O�H�V�����6�X�U���O�H�V���S�U�D�L�U�L�H�V���I�D�X�F�K�p�H�V�����R�Q���U�p�D�O�L�V�H�������j�������F�R�X�S�H�V���G�D�Q�V���O�¶�D�Q�Q�p�H : la première 
�F�R�X�S�H���V�H�U�W���j���I�D�L�U�H���G�H���O�¶�H�Q�V�L�O�D�J�H���R�X���G�H���O�¶�H�Q�U�X�E�D�Q�Q�D�J�H�����O�H�V���F�R�X�S�H�V���V�X�L�Y�D�Q�W�H�V���I�R�Q�W���G�X���I�R�L�Q�����/�D���S�O�X�S�D�U�W���G�H�V��
prairies ne sont pas pâturées. 

Le compost de fumier et le digestat solide sont majoritairement apportés devant maïs ou sur prairie. Le 
digestat liquide est apporté majoritairement sur prairie, blé ou maïs. Le lisier porcin est principalement 
épandu sur prairie. Les périodes et d�R�V�H�V���G�¶�D�S�S�R�U�W �G�D�Q�V���O�¶�D�Q�Q�p�H���V�R�Q�W���S�U�p�F�L�V�p�H�V���G�D�Q�V���O�H���7�D�E�O�H�D�X���������� 

Tableau 2.1 �± �$�S�S�R�U�W�V���W�\�S�H���G�H���3�5�2���V�X�U���O�¶�H�[�S�O�R�L�W�D�W�L�R�Q���G�H���1�R�X�]�L�O�O�\ 

PRO Culture �3�p�U�L�R�G�H���G�¶�D�S�S�R�U�W �'�R�V�H���G�¶�D�S�S�R�U�W 
Fumier composté, 
digestat solide 

Maïs Printemps 15 �± 25 t ha-1  

 Prairie Automne 15 �± 25 t ha-1  
 Méteil Automne 15 �± 25 t ha-1  
Digestat liquide Prairie �)�L�Q���G�¶�K�L�Y�H�U���j���I�L�Q���G�H���S�U�L�Q�W�H�P�S�V 20 �± 30 t ha-1 
 Prairie Automne 10 �± 20 t ha-1 
 Blé Printemps 15 �± 25 t ha-1  
 Maïs Printemps 20 �± 25 t ha-1 
 CIPAN avant maïs Automne 10 �± 20 t ha-1 
Lisier porcin Prairie Automne 20 �± 35 t ha-1 

2.3 Description du projet MétaMétha 
2.3.1 Objectifs du projet 

Le projet MétaMétha est un projet de recherche coordonné par �O�¶�8�(���3�$�2�����,�1�5�$�(�����1�R�X�]�L�O�O�\�� auquel 
participent �O�¶�8�5���6�2�/S (INRAE, Orléans) �H�W���O�¶�8�0�5���(�&�2�6�<�6�����,�1�5�$�(�����7�K�L�Y�H�U�Y�D�O-Grignon)�����T�X�L���V�¶�H�V�W��
déroulé entre 2017 et 2019. Les chambres �G�¶�D�J�U�L�F�X�O�W�X�U�H���G�X���/�R�L�U�H�W���H�W���G�H���O�¶�,�Q�G�U�H-et-Loire, la société de 
conseil Evea et la société Cap Vert Energie sont partenaires du projet. Le projet est financé par la région 
Centre Val-de-Loire. Son objectif est de comprendre les implications environnementales de 
�O�¶�L�Q�W�U�R�G�X�F�W�L�R�Q�� �G�¶�X�Q�� �P�p�W�K�D�Q�L�V�H�X�U�� �V�X�U�� �X�Q�H�� �H�[�S�O�Ritation en polyculture élevage. Le projet a permis de 
réaliser une enquête auprès des agriculteurs méthaniseurs de la région Centre Val-de-Loire (voir  la 
section 2.1.2 ), un essai agronomique et une analyse du cycle de vie (ACV). Cet�W�H���V�H�F�W�L�R�Q���V�¶�L�Q�W�p�U�H�V�V�H���j��
�O�¶�H�V�V�D�L���D�J�U�R�Q�R�P�L�T�X�H�� 

2.3.2 �3�U�p�V�H�Q�W�D�W�L�R�Q���G�H���O�¶�H�V�V�D�L���D�J�U�R�Q�R�P�L�T�X�H 
�/�¶�H�V�V�D�L���D�J�U�R�Q�R�P�L�T�X�H���0�p�W�D�0�p�W�K�D���D�Y�D�L�W���S�R�X�U���R�E�M�H�F�W�L�I���G�H���P�H�V�X�U�H�U���X�Q�H���G�L�Y�H�U�V�L�W�p���G�¶�L�P�S�D�F�W�V���H�W���G�H���E�p�Q�p�I�L�F�H�V��
associés à la fertilisation organique (effluents animaux ou digestat) : rendement des cultures, 
�Y�R�O�D�W�L�O�L�V�D�W�L�R�Q�� �G�¶�D�P�P�R�Q�L�D�F���� �p�P�L�V�V�L�R�Q�V�� �G�H�� �12O, lixiviation de nitrates. Un deuxième objectif était 
�G�¶�p�W�X�G�L�H�U���O�D���S�R�V�V�L�E�L�O�L�W�p���G�H���P�H�Q�H�U���X�Q�H���U�R�W�D�W�L�R�Q���F�X�O�W�X�U�D�O�H���D�Y�H�F���X�Q�H���I�H�U�W�L�O�L�V�D�W�L�R�Q���H�Q�W�L�q�U�H�P�H�Q�W���R�U�J�D�Q�L�T�X�H�����S�D�V��
�G�¶�D�S�S�R�U�W���G�¶�H�Q�J�U�D�L�V���P�L�Q�p�U�D�X�[���� L�¶�H�V�V�D�L���D���G�X�U�p��3 ans (2017 à 2019), avec des cultures de blé (2016-2017), 
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colza (2017-2018) et blé (2018-2019). Cette rotation simplifiée a été choisie car elle permet de 
�V�¶�L�Q�W�p�U�H�V�V�H�U���D�X���E�O�p�����V�X�M�H�W���j���O�¶�p�S�D�Q�G�D�J�H���G�H���G�L�J�H�V�W�D�W�����H�W���D�X���F�R�O�]�D �����O�¶�H�V�V�D�L���D�Y�D�L�W���S�R�Xr volonté de regarder la 
�Y�D�O�R�U�L�V�D�W�L�R�Q���G�H�V���D�S�S�R�U�W�V���G�H���I�L�Q���G�¶�p�W�p���H�W���G�H���S�U�L�Q�W�H�P�S�V���O�R�U�V���G�¶�X�Q�H���F�X�O�W�X�U�H���G�H���F�R�O�]�D�����/�¶�H�V�V�D�L���D�O�O�p�J�p���V�H���S�R�X�U�V�X�L�W��
�H�Q�F�R�U�H���D�X�M�R�X�U�G�¶�K�X�L�� 

�/�¶�H�V�V�D�L���F�R�P�S�D�U�H��cinq systèmes de fertilisation. Trois systèmes utilisent une fertilisation organique, avec 
des lisier et fumier bovin, du digestat brut (sans séparation de phase), ou des digestats liquides et solides 
(séparation de phase). Les deux autres traitements consistent en un système témoin avec une fertilisation 
minérale, et un système contrôle sans fertilisation (Tableau 2.2). Les traitements organiques ont reçu 
�G�H�X�[���W�\�S�H�V���G�¶�D�S�S�R�U�W�V :  

- des apports de lisiers, de digestats liquides, ou de digestat �E�U�X�W�V���H�Q���V�R�U�W�L�H���G�¶�K�L�Y�H�U���R�X���S�U�L�Q�W�H�P�S�V��
���S�U�R�G�X�L�W�V�� �O�L�T�X�L�G�H�V�� �G�R�Q�W�� �O�¶�p�S�D�Q�G�D�J�H�� �H�V�W�� �S�O�X�W�{�W�� �U�D�L�V�R�Q�Q�p�� �F�R�P�P�H�� �X�Q�� �I�H�U�W�L�O�L�V�D�Q�W������ �S�R�X�U�� �D�S�S�R�U�W�H�U��
�O�¶�D�]�R�W�H���Q�p�F�H�V�V�D�L�U�H���D�X�[���F�X�O�W�X�U�H�V. Le digestat brut peut aussi être apporté après la récolte en fin 
�G�¶�p�W�p�� 

- des apports de produits solides (fumier ou digestat solide) �H�Q���p�W�p�����D�\�D�Q�W���S�R�X�U���E�X�W���G�¶�D�S�S�R�U�W�H�U���G�H��
la matière organique au sol.  

Chaque traitement correspond à une parcelle de 1 800 m2 (75 x 24 m). Les parcelles sont suffisamment 
grandes �S�R�X�U���S�R�X�Y�R�L�U���p�S�D�Q�G�U�H���O�H�V���3�5�2���j���O�¶�D�L�G�H���G�H���P�D�F�K�L�Q�H�V���D�J�U�L�F�R�O�H�V��comme en conditions réelles. De 
plus, les cinq parcelles sont chacune centrées sur un drain, qui a été utilisé pour estimer la lixiviation 
des nitrates (Figure 2.6). 

�/�¶�R�U�L�J�L�Q�D�O�L�W�p���G�H���F�H�W���H�V�V�D�L���U�H�S�R�V�H���V�X�U���X�Q�H���F�R�P�E�L�Q�D�L�V�R�Q���G�H���I�D�F�W�H�X�U�V : 

- Une approche « système », qui mesure les effets de différents types de fertilisation, en couplant 
différents PRO considérés comme amendants (apport de matière organique) ou fertilisants 
���D�S�S�R�U�W���G�¶�H�Q�J�U�D�L�V���D�]�R�W�p�������j���O�¶�p�F�K�H�O�O�H���G�¶�X�Q�H���V�X�F�F�H�V�V�L�R�Q���G�H���F�X�O�W�X�U�H�� 

- �'�H�V���H�V�V�D�L�V���j���J�U�D�Q�G�H���p�F�K�H�O�O�H���V�S�D�W�L�D�O�H�����D�X�W�R�U�L�V�D�Q�W���O�¶�X�W�L�O�L�V�D�W�L�R�Q���G�H���P�D�F�K�L�Q�H�V���D�J�U�L�F�R�O�H�V���H�Q���F�R�Q�G�L�W�L�R�Q��
réelles. 

- Un �V�X�L�Y�L���G�H���Q�R�P�E�U�H�X�[���I�O�X�[���G�¶�D�]�R�W�H���D�X���F�K�D�P�S���S�H�Q�G�D�Q�W�������D�Q�V, décrit en section 2.3.5. 

 

Tableau 2.2 �± �7�U�D�L�W�H�P�H�Q�W�V���p�W�X�G�L�p�V���V�X�U���O�¶�H�V�V�D�L���D�J�U�R�Q�R�P�L�T�X�H���0�p�W�D�0�p�W�K�D 

Systèmes de production schématisés par les 
traitements 

Code Apport au printemps Apport en été 

Ferme en polyculture élevage CSM Lisier bovin Fumier bovin 

Ferme en polyculture élevage avec un 
méthaniseur, sans séparation de phase 

RD Digestat brut Digestat brut 

Ferme en polyculture élevage avec un 
méthaniseur, avec séparation de phase 

LSD Digestat liquide Digestat solide 

Témoin, fertilisation minérale MN Engrais minéraux / 

Contrôle, absence de fertilisation 0N / / 
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Figure 2.6  �± �3�O�D�Q���G�¶�H�[�S�p�U�L�P�H�Q�W�D�W�L�R�Q���G�H���O�¶�H�V�V�D�L���D�J�U�R�Q�R�P�L�T�X�H���0�p�W�D�0�p�W�K�D 

 

Figure 2.7 �± �3�K�R�W�R�J�U�D�S�K�L�H�V���G�H���O�¶�H�V�V�D�L���D�X���F�K�D�P�S���0�p�W�D�0�p�W�K�D�����O�H���������������������������‹���,�1�5�$�(�� 
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2.3.3 �&�D�U�D�F�W�p�U�L�V�D�W�L�R�Q���G�X���V�R�O���V�X�U���O�¶�H�V�V�D�L���D�J�U�R�Q�R�P�L�T�X�H 
�/�H�� �V�R�O�� �G�H�� �O�¶�H�V�V�D�L�� �D�� �p�W�p�� �F�D�U�D�F�W�p�U�L�V�p��précisément �G�p�E�X�W�� ���������� �S�D�U�� �O�¶�8�5�� �6�2�/�6�� ���,�1�5�$�(���� �2�U�O�p�D�Q�V������ �&�H�W�W�H��
section résume les principales analyses et conclusions sur �O�¶�p�W�X�G�H���G�H�V���V�R�O�V���G�H���O�¶�H�V�V�D�L���0�p�W�D�0�p�W�K�D�� 

En janvier 2017, le sol a été prélevé sur 9 points par parcelle et à 4 profondeurs par point. Les teneurs 
en C et N total (combustion sèche), CaCO3 (acidification et dosage du CO2 �p�P�L�V�������O�D���F�D�S�D�F�L�W�p���G�¶�p�F�K�D�Q�J�H��
cationique (CEC, méthode de Metson), ainsi que la texture (sédimentation) ont été analysées par le 
Laboratoi�U�H�� �G�¶�$�Q�D�O�\�V�H�� �G�H�V�� �6�R�O�V�� ���/�$�6���� �,�1�5�$�(���� �$�U�U�D�V������ �'�H�V�� �D�Q�D�O�\�V�H�V�� �G�H�� �G�H�Q�V�L�W�p�� �G�H�� �V�R�O�� ���P�p�W�K�R�G�H�� �D�X��
cylindre) ont été faites dans les différents horizons et au cours des trois années. En plus de cette 
caractérisation initiale, une campagne de mesure de la résistivité él�H�F�W�U�L�T�X�H���D���p�W�p���F�R�Q�G�X�L�W�H���S�D�U���O�¶�H�Q�W�Ueprise 
CIBLAGRO en octobre 2016 �����O�H�V���G�R�Q�Q�p�H�V���R�Q�W���p�W�p���D�Q�D�O�\�V�p�H�V���S�D�U���O�¶UR SOLS. Les trainées électriques 
sont espacées de 6 m, sur trois « profondeurs » (0 �± 50 cm, 0 �± 100 cm, 0 �± 150 cm). �/�¶�D�F�T�X�L�V�L�W�L�R�Q���V�¶�H�V�W��
faite par des trainés électriques espacés de 6 m. À humidité constante, la résistivité est corrélée à la 
teneur en argile. Ces mesures ont permis �G�¶�D�Q�D�O�\�V�H�U�� �O�¶�K�R�P�R�J�p�Q�p�L�W�p�� �G�H�V�� �V�R�O�V�� �G�D�Q�V�� �O�D�� �S�D�U�F�H�O�O�H���H�W�� �G�H��
différencier des classes de sols. Trois fosses pédologiques ont été creusées et caractérisées (Figure 2.6), 
pour déterminer le type de sol du site. 

Le sol de la �P�D�M�H�X�U�H���S�D�U�W�L�H���G�H���O�D���V�X�U�I�D�F�H���G�H���O�¶�H�V�V�D�L��est un Luvisol typique redoxisol (estimation 75%, UR 
SOLS), mais il y a aussi présence de Planosol sédimorphe (estimation 25%, UR SOLS), définis selon le 
référentiel pédologique (�$�V�V�R�F�L�D�W�L�R�Q���I�U�D�Q�o�D�L�V�H���S�R�X�U���O�¶�p�W�X�G�H���G�H�V���V�R�O�V���H�W���D�O���� 2008). La profondeur du sol 
�H�V�W���G�¶�H�Q�Y�L�U�Rn 100 cm. La pente sur le site est de 2% (Figure 2.6). Les caractéristiques des sols de surface 
dans les différents traitements sont présentées dans le Tableau 2.3. Les densités de sols utilisées dans 
les calculs de reliquats (entre autres) sont les suivantes : 1,37 g cm-3 (0 �± 20 cm), 1,55 g cm-3 (20 �± 40 
cm) et 1,60 g cm-3 (40 �± 100 cm). Les teneurs en CaCO3 sont très faibles (< 2 g kg-1). Sur la surface de 
�O�¶�H�V�V�D�L���� �R�Q�� �R�E�V�H�U�Y�H�� �X�Q�� �O�p�J�H�U�� �J�U�D�G�L�H�Q�W�� �G�D�Q�V�� �O�D�� �Q�D�W�X�U�H�� �G�X�� �V�R�O���� �'�H�� �O�¶�R�X�H�V�W�� �Y�H�U�V�� �O�¶�H�V�W���� �O�D�� �W�H�[�W�X�U�H�� �V�¶�H�Q�U�L�F�K�L�W��
légèrement en argile et en limon et �V�¶�D�S�S�D�X�Y�U�L�W�� �H�Q�� �V�D�E�O�H�� ��Tableau 2.3). Tous les prélèvements 
appartiennent à la même texture (limon fin). La teneur en argile du sol est plus élevée en profondeur 
�T�X�¶�H�Q�� �V�X�U�I�D�F�H���� �(�Q�� �S�U�R�I�R�Q�G�H�X�U���� �R�Q�� �Y�R�L�W�� �X�Q�� �D�S�S�D�X�Y�U�L�V�V�H�P�H�Q�W�� �H�Q�� �D�U�J�L�O�H�� �G�H�� �O�¶�R�X�H�V�W�� �Y�H�U�V�� �O�¶�H�V�W���� �&�H�F�L�� �H�V�W��
�L�Q�W�H�U�S�U�p�W�p���F�R�P�P�H���X�Q�H���S�R�V�V�L�E�L�O�L�W�p���G�H���V�X�U�I�D�F�H���S�O�X�V���L�P�S�R�U�W�D�Q�W�H���G�H���3�O�D�Q�R�V�R�O���j���O�¶�R�X�H�V�W���T�X�¶�j���O�¶�H�V�W�����2�Q���R�E�V�H�U�Y�H��
aussi un léger gradient de CEC et de pH. On observe donc des différences entre les parcelles, même si 
les sols restent de même nature. Cette limite a été assumée dès le montage du projet, au regard des 
avantages de configuration du plan expérimental (section 2.3.2 ).  
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Tableau 2.3 �± Caractéristiques des sols de surfaces (0 �± 20 cm). Les résultats sont indiqués sous la forme moyenne ± écart type (n=9). Les parcelles sont 
�R�U�G�R�Q�Q�p�H�V���G�H���O�¶�R�X�H�V�W�����&�6�0�����Y�H�U�V���O�¶�H�V�W�����5�'�������/�¶�D�E�V�H�Q�F�H���G�H���O�H�W�W�U�H���F�R�P�P�X�Q�H�V���L�Q�G�L�T�X�H���T�X�H���O�H�V���W�H�Q�H�X�U�V���V�R�Q�W���V�L�J�Q�L�I�L�F�D�W�L�Y�H�P�H�Q�W���G�L�I�I�prentes (ANOVA et Tukey tests, 
p < 0.05). 

 Argile (%) Limon (%) Sable (%) pH COS (g kg-1) C/N CEC (meq 100 g-1) 
CSM 15,4 ± 1,5a 57,3 ± 1,3a 27,2 ± 1,4a 6,4 ± 0,2ab 14,6 ± 1,3a 10,3 ± 0,1a 8,5 ± 0,6a 
MN 16,1 ± 1,5a 59,2 ± 1,3a 24,7 ± 0,7b 6,7 ± 0,3a 14,6 ± 1,3a 10,1 ± 0,2b 8,9 ± 0,7ab 
LSD 17,1 ± 1,4a 62,3 ± 1,0b 20,6 ± 2,0c 6,5 ± 0,4ab 13,3 ± 1,0ab 10,1 ± 0,1b 8,9 ± 0,9ab 
0N 20,2 ± 3,0b 63,5 ± 3,0b 16,4 ± 0,9d 6,4 ± 0,2bc 13,4 ± 0,6ab 10,1 ± 0,2b 10,0 ± 1,5b 
RD 15,8 ± 1,7a 70,6 ± 1,6c 13,6 ± 0,7e 6,1 ± 0,2c 12,8 ± 1,3b 10,4 ± 0,2a 6,9 ± 1,1c 

COS : Carbone Organique du Sol (COS). 

 

 

 

 

Figure 2.8 �± �7�H�Q�H�X�U���H�Q���D�U�J�L�O�H���G�X���V�R�O���V�H�O�R�Q���O�H�V���G�L�I�I�p�U�H�Q�W�V���K�R�U�L�]�R�Q�V�����/�H�V���E�D�U�U�H�V���G�¶�H�U�U�H�X�U�V���L�Q�G�L�T�X�H�Q�W���X�Q���p�F�D�U�W-�W�\�S�H�����Q��� ���������� �$�G�D�S�W�p�H���G�¶�X�Q�H���I�L�J�X�U�H���G�H���&�D�W�K�H�U�L�Q�H��
Pasquier.
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2.3.4 Itinéraire technique agricole 
�/�¶�H�V�V�D�L���D�J�U�R�Q�R�P�L�T�X�H���H�V�W���J�p�U�p���G�H���P�D�Q�L�q�U�H���F�R�Q�Y�H�Q�W�L�R�Q�Q�H�O�O�H���D�Y�H�F���X�Q�H���U�R�W�D�Wion simplifiée blé �± colza �± blé. 

Les opérations agricoles sont décrites dans le Tableau 2.4. Excepté au 01/05/2019, les engrais de 

synthèse azotés sont de la solution azotée �����������G�¶�D�]�R�W�H�����F�¶�H�V�W-à-�G�L�U�H�����������G�¶�D�]�R�W�H���X�U�p�L�T�X�H���������������G�¶�D�]�R�W�H��

nitrique et 7,�������G�¶�D�]�R�W�H���D�P�P�R�Q�L�D�F�D�O�������p�S�D�Q�G�X�H���j���O�¶�D�L�G�H���G�¶�X�Q���S�X�O�Y�p�U�L�V�D�W�H�X�U�����/�H���O�L�V�L�H�U�����O�H���G�L�J�H�V�W�D�W���E�U�X�W���H�W��

le digestat liquide sont épandus �j���O�¶�D�L�G�H���G�¶�X�Q�H���W�R�Q�Q�H���j���O�L�V�L�H�U���p�T�X�L�S�p�H���G�¶�X�Q�H���U�D�P�Se à pendillard (12 m). 

�/�H�V���I�X�P�L�H�U�V���H�W���G�L�J�H�V�W�D�W�V���V�R�O�L�G�H�V���V�R�Q�W���p�S�D�Q�G�X�V���j���O�¶�D�L�G�H���G�¶�X�Q���p�S�D�Q�G�H�X�U���j���I�X�P�L�H�U���j���K�p�U�L�V�V�R�Q���Y�H�U�W�L�F�D�X�[��(Figure 

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

laboratoire externe (Auréa, Orléans, France). Les caractéristiques des PRO mesurées sont les teneurs en 

matière sèche, azote total, azote ammoniacal, matière organique, P, K et le pH. La teneur en C, utilisée 

pour calculer le rapport C/N, est supposée être égale à la moitié de la teneur en matière organique. Le 

nombre de dates �G�¶�D�Q�D�O�\�V�H���H�V�W���G�H�������S�R�X�U���O�H���G�L�J�H�V�W�D�W���V�R�O�L�G�H���H�W���O�H���I�X�P�L�H�U����de 7 pour le digestat liquide et le 

lisier, et de 10 pour le digestat brut. �/�H�V���G�R�V�H�V���G�¶�D�S�S�R�U�W�V���H�W���O�H�V���D�Q�D�O�\�V�H�V���G�H�V���3�5�2���V�R�Q�W���L�Q�G�L�T�X�p�H�V���G�D�Q�V���F�H��

chapitre (Tableau 2.5, Tableau 2.6). Le Tableau 2.5 est également présenté et commenté dans le Chapitre 

3. Le Tableau 2.6 est présenté de façon synthétique et commenté dans le Chapitre 3. 

 

Figure 2.9 �± �0�D�W�p�U�L�H�O�� �D�J�U�L�F�R�O�H�� �X�W�L�O�L�V�p�� �S�R�X�U�� �O�¶�p�S�D�Q�G�D�J�H�� �D���� �G�H�V��PRO liquides, et b) des PRO solides. 
Victor Moinard, UMR ECOSYS, INRAE 
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Tableau 2.4 �± �,�W�L�Q�p�U�D�L�U�H���W�H�F�K�Q�L�T�X�H���G�H���O�¶�H�V�V�D�L���D�J�U�R�Q�R�P�L�T�X�H���0�p�W�D�0�p�W�K�D 

Culture Date Action 
 2016 �± 2017 
Blé 
 

26/10/2016 et 
27/10/2016 

Préparation du sol : déchaumeur à disque (15 cm),  

27/10/2016 covercrop (10 cm), suivi du semis de blé (variété Syllon, 260 gr m-2) 
22/11/2016 Herbicide (FOSBURI 0.50 l ha-1, HERBAFLEX 1.56 l ha-1) 
22/03/2017 Fertilisation  
19/04/2017 Fertilisation 
04/05/2017 Herbicide (NICANOR PREMIUM 30 g ha-1) 
15/05/2017 Fongicide (CERIAX 1.24 l ha-1) 
20/07/2017 Récolte du grain (récolte machine et prélèvements manuels) 
23/07/2017 Récolte de la paille (récolte machine) 

 2017 �± 2018 
Colza 
 

02/08/2017 Apport des PRO solides 
03/08/2017 Enfouissement et préparation du sol : labour (20 cm), covercrop (10 cm), 

rouleau (2 cm) 
21/08/2017 Semis de colza (variété Fernando, 40 gr m-2) 
21/08/2017 Herbicide (CENTIUM 0.20 l ha-1, RAPSAN TDI 2.00 l ha-1) 
25/10/2017 Insecticide (PROTEUS 0.63 l/ha, EMULSOL 0.05 l l ha-1) 
21/03/2018 Fertilisation 
23/03/2018 Fongicide insecticide (MYSTIC EXTRA 0,6 l ha-1, 

DASKOR 440 0,595 l ha-1) 
04/07/2018 Récolte (récolte machine et prélèvements manuels) 

 2018 �± 2019 
Blé 
 

19/09/2018 Apport des PRO solides 
20/09/2018 Enfouissement : covercrop (10 cm) 
24/10/2018 Préparation du sol : covercrop (10 cm), suivi du semis (variété Descartes, 

300 gr m-2) 
26/10/2018 Herbicide (ARANDA 1,11 l ha-1, COMPIL 0,167 l ha-1, ROXY 800 EC 

1,11 l ha-1) 
19/02/2019 Fertilisation 
12/03/2019 Fertilisation 
26/04/2019 Herbicide (DAYTONA 0.02 kg ha-1, HARMONY EXTRA SX 

0.019 kg ha-1) 
01/05/2019 Fertilisation (traitements MN et CSM, ammonitrate) 
03/05/2019 Fongicide (COGITO 0.427 l ha-1) 
07/05/2019 Fongicide (VELDIG 0.769 L/ha) 
22/07/2019 Récolte du grain (récolte machine et prélèvements manuels) 
23/07/2019 Récolte de la paille (récolte machine) 
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Tableau 2.5 �± �'�R�V�H�V���G�¶�H�Q�J�U�D�L�V���p�S�D�Q�G�X�V���V�X�U���O�¶�H�V�V�D�L���D�X���F�K�D�P�S���0�p�W�D�0�p�W�K�D����Les doses sont indiquées en t ha-1
 (matière brute). 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 ha-1 / 37 38 36 
  kg Nmin ha-1 86 23 86 74 
  kg Ntot ha-1 86 40 169 137 
 19/04/2017 fertilizer Solution azotée Lisier bovin Digestat brut Digestat liquide 
  t ha-1 / 60 31 32 
  kg Nmin ha-1 43 46 63 63 
  kg Ntot ha-1 43 59 129 123 
 Total 2017 kg Nmin ha-1 129 69 149 137 
  kg Ntot ha-1 129 99 298 260 
Colza 2018 02/08/2017 fertilizer / Fumier bovin Digestat brut Digestat solide 
  t ha-1 / 35 32 33 
  kg Nmin ha-1 / 20 66 43 
  kg Ntot ha-1 / 276 133 207 
 21/03/2018 fertilizer Solution azotée Lisier bovin Digestat brut Digestat liquide 
  t ha-1 / 27 32 36 
  kg Nmin ha-1 99 34 82 98 
  kg Ntot ha-1 99 88 166 198 
 Total 2018 kg Nmin ha-1 99 54 148 141 
  kg Ntot ha-1 99 364 299 405 

Nmin: azote mineral. Ntot: azote total. 
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Tableau 2.5 �± �'�R�V�H�V���G�¶�H�Q�J�U�D�L�V���p�S�D�Q�G�X�V���V�X�U���O�¶�H�V�V�D�L���D�X���F�K�D�P�S���0�p�W�D�0�p�W�K�D����Les doses sont indiquées en t ha-1
 (matière brute). 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 ha-1 / 12 16 16 
  kg Nmin ha-1 / 10 44 28 
  kg Ntot ha-1 / 105 86 110 
 19/02/2019 fertilizer Solution azotée Lisier bovin Digestat brut Digestat liquide 
  t ha-1  24 12 23 
  kg Nmin ha-1 40 47 48 56 
  kg Ntot ha-1  64 57 99 
 12/03/2019 fertilizer Solution azotée Lisier bovin Digestat brut Digestat liquide 
  t ha-1 / 18 20 18 
  kg Nmin ha-1 80 19 44 39 
  kg Ntot ha-1 80 40 87 75 
 01/05/2019 fertilizer Ammonitrate Ammonitrate / / 
  t ha-1 / / / / 
  kg Nmin ha-1 41 24 / / 
  kg Ntot ha-1 41 24 / / 
 Total 2019 kg Nmin ha-1 161 100 136 123 
  kg Ntot ha-1 161 233 230 284 
3 years Total kg Nmin ha-1 389 223 433 401 
  kg Ntot ha-1 389 696 827 949 

Nmin: azote mineral. Ntot: azote total. 
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Tableau 2.6 �± Analyses physico-�F�K�L�P�L�T�X�H�V�� �G�H�V�� �3�5�2�� �p�S�D�Q�G�X�V�� �V�X�U�� �O�¶�H�V�V�D�L�� �D�X�� �F�K�D�P�S�� �0�p�W�D�0�p�W�K�D���� �4�X�D�Q�G�� �G�L�V�S�R�Q�L�E�O�H���� �O�¶�p�F�D�U�W�� �W�\�S�H��est indiqué (n = 2 pour le 
19/09/2018, n = 3 pour le 12/03/2019) 

PRO �'�D�W�H���G�¶�D�S�S�R�U�W MS (%MB) Nmin (g kgMB-1) Ntot (g kgMB-1) MO (g kgMB-1) pH P (g kgMB-1) K (g kgMB-1) 
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 1,4 
 12/03/2019 3,2 ± 0,1 1,1 ± 0,5 2,2 ± 0,0 22,1 ± 1,1 7,9 ± 0,1 0,2 ± 0,0 2,9 ± 0,1 
Fumier bovin 08/08/2017 35,0 0,6 8,0 264,4 10,0 2,0 12,9 
 19/09/2018 30,1 ± 2,4 0,8 ± 0,0 8,6 ±0,3 195,4 ± 14,6 9,5 ± 0,3 2,1 ± 0,1 9,5 ± 0,2 
Digestat brut 22/03/2017 6,5 2,3 4,4 43,8 7,9 1,1 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 7,6 ± 0,1 2,8 ± 0,4 5,5 ± 0,0 51,9 ± 1,1 8,2 ± 0,0 1,2 ± 0,1 4,5 ± 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 2,2 ± 0,1 4,3 ± 0,1 43,1 ± 1,7 7,9 ± 0,1 0,8 ± 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 5,5 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 2,2 ± 0,4 4,2 ± 0,1 29,3 ± 0,1 8,1 ± 0,1 0,9 ± 0,0 4,5 ± 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 1,8 ± 0,1 7,0 ± 0,2 240,7 ± 2,6 9,4 ± 0,1 2,7 ± 0,0 3,2 ± 0,0 
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2.3.5 Suivi du site 
�/�H�V���G�R�Q�Q�p�H�V���P�H�V�X�U�p�H�V���S�H�Q�G�D�Q�W���O�¶�H�V�V�D�L���R�Q�W���I�D�L�W���O�¶�R�E�M�H�W���G�¶�X�Q���G�D�W�D�Y�H�U�V�H�����3�D�V�T�X�L�H�U���H�W���D�O������������������ Le suivi 
du site est synthétisé ici, et est détaillé plus précisément dans le Chapitre 3. La Figure 2.10 résume 
les dates de mesure des différents indicateurs. 

 

 

Figure 2.10 �± �6�X�L�Y�L���G�H���O�¶�H�V�V�D�L���D�X���F�K�D�P�S���0�p�W�D�0�p�W�K�D�����/�H�V���G�R�Q�Q�p�H�V���P�p�W�p�R�U�R�O�R�J�L�T�X�H�V���L�V�V�X�H�V���G�H���O�D���V�W�D�W�L�R�Q��
�F�O�L�P�D�W�L�T�X�H���V�X�U���O�¶�H�V�V�D�L���R�X���G�H�V���G�R�Q�Q�p�H�V���0�p�W�p�R-France sont indiquées en noir et en gris, respectivement. 
Cultures et fertilisation : le blé est indiqué en jaune, le colza en vert, et les dates de fertilisation par des 
points noirs. 

 

 

Figure 2.11 �± Dispositifs de mesures A) de la volatilisation de NH3. et B) des émissions de N2O. Les 
chambres statiques sont rehaussées lors de la croissance 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 météo du site du 15/03/2017 au 04/07/2019. Les données 
météorologiques avant et après cette période ont été obtenues via le jeu de données SAFRAN 
(Météo-�)�U�D�Q�F�H�������(�Q���������������G�H�V���V�R�Q�G�H�V���7�'�5���R�Q�W���S�H�U�P�L�V���G�H���V�X�L�Y�U�H���j���X�Q���S�D�V���G�H���W�H�P�S�V���K�R�U�D�L�U�H���O�¶�K�X�P�L�G�L�W�p��
du sol. Elles sont placées à 3 emplacements correspondant aux fosses pédologiques (Figure 2.6) et à 3 
profondeurs (15 cm, 30 ou 45 cm, 75 cm). 

2.3.5.2 �5�p�F�R�O�W�H���H�W���D�E�V�R�U�S�W�L�R�Q���G�¶�D�]�R�W�H���S�D�U���O�H�V���S�O�D�Q�W�H�V 
La récolte de chaque culture se fait à la machine sur toute la parcelle. Le grain et la paille exportés sont 
pesés p�R�X�U�� �G�p�W�H�U�P�L�Q�H�U�� �O�H�� �U�H�Q�G�H�P�H�Q�W�� �P�D�F�K�L�Q�H�� �V�X�U�� �O�¶�H�Q�V�H�P�E�O�H���G�H�� �O�D�� �S�D�U�F�H�O�O�H���� �$�X�� �S�U�p�D�O�D�E�O�H���� �G�H�V��
prélèvements manuels sont réalisés pour analyser les teneurs en azote des grains et des résidus de culture. 

2.3.5.3 �0�H�V�X�U�H���G�H���O�D���Y�R�O�D�W�L�O�L�V�D�W�L�R�Q���G�¶�D�P�P�R�Q�L�D�F 
�/�D���Y�R�O�D�W�L�O�L�V�D�W�L�R�Q���G�¶�D�P�P�Rniac a été mesurée après chaque épandage (5 au printemps, 2 en été), pendant 
�����M�R�X�U�V�����'�H�V���F�D�S�W�H�X�U�V���S�D�V�V�L�I�V���G�¶�D�P�P�R�Q�L�D�F�����E�D�G�J�H���$�/�3�+�$©) sont installés sur des mâts à deux hauteurs 
(3 mâts par parcelle) (Figure 2.11). Ces capteurs sont prélevés et remplacés régulièrement pendant la 
période de mesure. Dans le même temps, un anémomètre sonique mesure finement la vitesse et la 
�G�L�U�H�F�W�L�R�Q�� �G�X�� �Y�H�Q�W���� �/�¶�D�Q�D�O�\�V�H�� �G�H�V�� �E�Ddges reflète la concentration en NH3 gazeux à leur emplacement, 
�L�Q�W�p�J�U�p�H���V�X�U���O�D���S�p�U�L�R�G�H���G�¶�H�[�S�R�V�L�W�L�R�Q�����/�H�V���I�O�X�[���G�¶�D�P�P�R�Q�L�D�F���V�R�Q�W���H�Q�V�X�L�W�H���H�V�W�L�P�p�V���j���S�D�U�W�L�U��de modélisation 
inverse�����j���O�¶�D�L�G�H���G�X���P�R�G�q�O�H���)�,�'�(�6�����E�D�V�p���V�X�U���G�H�V���p�T�X�D�W�L�R�Q�V���G�¶�D�G�Y�H�F�W�L�R�Q-diffusion (Loubet et al., 2010 ; 
Carozzi et al., 2013). Les analyses ont été menées par la BU EnVisAGES, �O�¶�8�0�5���(�F�R�V�\�V���H�W���O�¶�8�(���3�$�2�� 

2.3.5.4 Mesure des émissions de N2O, suivi des teneurs en azote et en eau du sol de surface 
Les émissions de N2O ont été mesurée�V���j���O�¶�D�L�G�H���G�H���F�K�D�P�E�U�H�V��statiques à prélèvement manuel (50 cm par 
50 cm) (Figure 2.11). Cinq chambres sont positionnées dans chaque parcelle (Figure 2.6). Leurs 
positions restent identiques durant les trois ans, ces positions ont été déterminées pour représenter toutes 
les classes de sols (résistivité électrique). Lors de chaque mesure, les chambres sont fermées 
�K�H�U�P�p�W�L�T�X�H�P�H�Q�W�����'�H�V���S�U�p�O�q�Y�H�P�H�Q�W�V���G�¶�D�L�U���V�R�Q�W���U�p�D�O�L�V�p�V���U�p�J�X�O�L�q�U�H�P�H�Q�W���S�H�Q�G�D�Q�W�����K���������/�H�X�U���F�R�Q�F�H�Q�W�U�D�W�L�R�Q��
en N2�2�� �H�V�W�� �G�p�W�H�U�P�L�Q�p�H�� �S�D�U�� �F�K�U�R�P�D�W�R�J�U�D�S�K�L�H�� �H�Q�� �S�K�D�V�H�� �J�D�]�H�X�V�H�� �H�W�� �G�p�W�H�F�W�H�X�U�� �S�D�U�� �F�D�S�W�X�U�H�� �G�¶�p�O�H�F�W�U�R�Q�V����
�/�¶�D�F�F�X�P�X�O�D�W�L�R�Q�� �G�X�� �12O dans la chambre permet de déterminer le flux. Les mesures de N2O ont été 
réalisées lors de 42 dates (Figure 2.10). Les prélèvements sont plus fréquents après les épisodes de 
�I�H�U�W�L�O�L�V�D�W�L�R�Q�����G�H�X�[���I�R�L�V���S�D�U���V�H�P�D�L�Q�H�������S�X�L�V���V�¶�H�V�S�D�F�H�Q�W�����M�X�V�T�X�¶�j���X�Q�H���I�R�L�V���S�D�U���P�R�L�V���H�Q�Y�L�U�R�Q������ 

À chaque date de mesure, la teneur en eau (perte de masse à 105°C pendant 48h), la teneur en azote 
minéral (extraction au KCl et dosage par colorimétrie) et la température du sol (sondes) sont aussi 
déterminées �D�X���Q�L�Y�H�D�X���G�H���F�K�D�T�X�H�� �F�K�D�P�E�U�H�����/�H�V���D�Q�D�O�\�V�H�V�� �V�R�Q�W���P�H�Q�p�H�V���S�D�U���O�¶�8�5���6�2�/�6�����O�¶�8�(���3�$�2�����H�W��
�O�¶�8�0�5���(�F�R�V�\�V�� 

2.3.5.5 Reliquats azotés 
Les reliquats azotés ont été mesurés lors de 8 dates en entrée �G�¶�K�L�Y�H�U�����Q�Rvembre ou décembre), en sortie 
�G�¶�K�L�Y�H�U (février) et après la récolte (juillet). Les prélèvements de sols sont réalisés à 4 profondeurs, sur 
9 points par parcelle. Les teneurs en azote sont analysées par extraction au KCl et dosage par 
colorimétrie. Les densités de sol considérées sont 1,37 g cm-3 (0-20 cm), 1,55 g cm-3 (20-40 cm), et 1,60 
g cm-3 (40-70 cm et 70-100 cm)�����/�H�V���S�U�p�O�q�Y�H�P�H�Q�W�V���H�W���D�Q�D�O�\�V�H�V���R�Q�W���p�W�p���U�p�D�O�L�V�p�H�V���S�D�U���O�¶�8�5���6�2�/�6���H�W���O�¶�8�(��
PAO. 

2.3.5.6 Suivi de la lixiviation en nitrates 
�'�H�V���G�p�E�L�W�P�q�W�U�H�V���p�O�H�F�W�U�R�P�D�J�Q�p�W�L�T�X�H�V�����$�%�%���$�T�X�D�0�$�V�W�H�U�������'�1���������R�Q�W���S�H�U�P�L�V���G�H���P�H�V�X�U�H�U���O�H�V���G�p�E�L�W�V���G�¶�H�D�X��
�G�D�Q�V���O�H���G�U�D�L�Q�����j�� �O�D���V�R�U�W�L�H���G�H���F�K�D�T�X�H���S�D�U�F�H�O�O�H�����W�U�D�L�W�H�P�H�Q�W�V���0�1�����&�6�0�����5�'�����/�6�'�������'�H�V���S�U�p�O�H�Y�H�X�U�V���G�¶�H�D�X��
automatiques (ISCO 3700, 24 bouteilles) ont également pu pe�U�P�H�W�W�U�H���G�H���F�R�O�O�H�F�W�H�U���O�¶�H�D�X���G�H�V���G�U�D�L�Q�V����toutes 
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les ���K������ �H�W���G�¶�D�Q�D�O�\�V�H�U���O�H�X�U���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���H�Q���Q�L�W�U�D�W�H�����&�H�V���p�T�X�L�S�H�P�H�Q�W�V���R�Q�W���p�W�p���L�Q�V�W�D�O�O�p�V���H�Q���I�p�Y�U�L�H�U��������������
�'�X�U�D�Q�W���O�¶�D�Q�Q�p�H�������������� �W�U�q�V���S�H�X���G�¶�H�D�X���H�V�W���S�U�p�O�H�Y�pe�����S�H�U�P�H�W�W�D�Q�W���O�D���P�H�V�X�U�H���G�H���S�H�X���G�¶�p�F�K�D�Q�W�L�O�O�R�Q�V�����'�X�U�D�Q�W��
�O�¶�K�Lver 2017 �± �������������O�H���I�D�L�E�O�H���G�p�E�L�W���G�¶�H�D�X et des problèmes techniques sur les préleveurs ont également 
�O�L�P�L�W�p���O�H���Q�R�P�E�U�H���G�¶�p�F�K�D�Q�W�L�O�O�R�Q�V prélevés�����'�X�U�D�Q�W���O�¶�K�L�Y�H�U�������������± 2019, des mesures de débits et de teneur 
�H�Q���Q�L�W�U�D�W�H���G�D�Q�V���O�¶�H�D�X���G�H�V���G�U�D�L�Q�V���D���S�X���S�H�U�P�H�W�W�U�H���G�H��faire des calculs de lixiviation de nitrates. Néanmoins, 
plusieurs questions ont émergé et ont mis en cause la qualité de ces mesures : 

- �/�H���G�p�E�L�W���G�¶�H�D�X���Q�¶�H�V�W���S�D�V���L�G�H�Q�W�L�T�X�H dans les drains �G�¶�X�Q�H���S�D�U�F�H�O�O�H���j���O�¶�D�X�W�U�H�����8�Q�H���S�D�U�W�L�H���G�H���F�H�W�W�H��
différence est expliquée �S�D�U�� �O�H�� �I�D�L�W�� �T�X�¶�X�Q�� �G�H�V�� �G�U�D�L�Q�V�� �Q�H�� �V�H�U�D�L�W�� �S�D�V�� �D�X�V�V�L�� �O�R�Q�J�� �T�X�H�� �O�H�V�� �D�X�W�U�H�V��
���O�R�Q�J�X�H�X�U�� �H�V�W�L�P�p�H�� �j�� �S�D�U�W�L�U�� �G�¶�X�Q�� �D�Q�F�L�H�Q�� �S�O�D�Q�� �G�H�� �G�U�D�L�Q�D�J�H��, mais la correction de cet effet 
�Q�¶�H�[�S�O�L�T�X�H���S�D�V���W�R�X�W�H���O�D���G�L�I�I�p�U�H�Q�F�H. 

- Les débits en eau mesurés �Q�H���U�H�S�U�p�V�H�Q�W�H�Q�W���T�X�¶�X�Q�H���I�D�L�E�O�H���S�U�Rportion (environ 20%) des débits 
�G�¶�H�D�X���D�W�W�H�Q�G�X�V���j���O�¶�D�L�G�H���G�¶�X�Q���E�L�O�D�Q���H�Q���H�D�X���V�L�P�S�O�H���E�D�V�p���V�X�U���O�D���S�O�X�Y�L�R�P�p�W�U�L�H���H�W���O�¶�p�Y�D�S�R�W�U�D�Q�V�S�L�U�D�W�L�R�Q��
potentielle. 

- La mise en route relativement tardive des préleveurs a induit une possible sous-évaluation de la 
lixiviation, un�H���S�U�R�S�R�U�W�L�R�Q���Q�R�Q���Q�p�J�O�L�J�H�D�E�O�H���G�H�V���I�O�X�[���G�¶�H�D�X���D�\�D�Q�W���H�X���O�L�H�X���D�Y�D�Q�W���O�H�X�U���P�L�V�H���H�Q���U�R�X�W�H�� 

- Les valeurs de lixiviation mesurées sont très faibles, et sont homogènes entre les parcelles. Cela 
�Q�¶�H�V�W���S�D�V���F�R�K�p�U�H�Q�W���D�Y�H�F���O�H�V���U�H�O�L�T�X�D�W�V���G�¶�D�]�R�W�H���H�Q���H�Q�W�U�p�H���H�W���V�R�U�W�L�H���G�¶�K�L�Y�H�U. Des essais de prise en 
�F�R�P�S�W�H���G�H���O�¶�H�D�X���O�L�[�L�Y�L�p�H���Q�R�Q���F�R�O�O�H�F�W�p�H���G�D�Q�V���O�H�V���G�U�D�L�Q�V���Q�H���S�H�U�P�H�W�W�H�Q�W���S�D�V���G�H���U�H�W�U�R�X�Y�H�U���G�H�V���Y�D�O�H�X�U�V��
plus cohérentes. Les données hydriques mesurées ne permettent pas de connaître les 
dynamiques de la nappe �G�¶�H�D�X�� 

Les explications de ces mesures �S�H�X�Y�H�Q�W���r�W�U�H���O�D���S�U�p�V�H�Q�F�H���G�H���I�O�X�[���G�¶�H�D�X���O�D�W�p�U�D�X�[�����3�O�D�Q�R�V�R�O�����O�p�J�q�U�H��
�S�H�Q�W�H�������(�Q���F�R�Q�V�p�T�X�H�Q�F�H�����Q�R�X�V���Q�¶�D�Y�R�Q�V���S�D�V���p�W�X�G�L�p���F�H�V���G�R�Q�Q�p�H�V���G�H���O�L�[�L�Y�L�D�W�L�R�Q���G�D�Q�V���F�H�W�W�H���W�K�q�V�H�� 

�(�Q���������������G�H�V���E�R�X�J�L�H�V���S�R�U�H�X�V�H�V���R�Q�W���p�W�p���L�Q�V�W�D�O�O�p�H�V�����F�R�P�P�H���G�H�X�[�L�q�P�H���P�R�\�H�Q���G�¶�H�V�W�L�P�D�W�L�R�Q���Sossible de 
la lixiviation. 4 bougies poreuses ont été installées sur chaque parcelle en décembre 2018 (un 
emplacement par parcelle, 3.5 m du drain, 70 cm de profondeur). Des prélèvements en eau ont été 
réalisés de façon hebdomadaire. Malheureusement, les analyses obtenues ont montré une forte 
variation intra-parcellaire et une faible variation inter-parcellaire. Les estimations de lixiviation 
�S�R�V�V�L�E�O�H���Q�¶�R�Q�W���S�D�V���Q�R�Q���S�O�X�V���G�R�Q�Qé de résultats cohérents avec les reliquats azotés du sol (entrée et 
�V�R�U�W�L�H���G�¶�K�L�Y�H�U�������(�Q���F�R�Q�V�p�T�X�H�Q�F�H�����F�H�V���G�R�Q�Q�p�H�V���Q�¶�R�Q�W���S�D�V���p�W�p���Q�R�Q���S�O�X�V���p�W�X�G�L�p�H�V���G�D�Q�V���F�H�W�W�H���W�K�q�V�H�� 
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Chapitre 3  

Comment la méthanisation des effluents bovins 

modifie-t-�H�O�O�H���O�H���F�\�F�O�H���G�H���O�¶�D�]�R�W�H���V�X�U���X�Q�H���U�R�W�D�W�L�R�Q��

culturale de 3 ans ? 
 

Nous avons vu dans le Chapitre 1 que, si les effets de �O�¶�p�S�D�Q�G�D�J�H�� �D�X�� �F�K�D�P�S�� �V�R�Q�W�� �F�D�U�D�F�W�p�U�L�V�p�V��

�L�Q�G�L�Y�L�G�X�H�O�O�H�P�H�Q�W�����S�H�X���G�¶�p�W�X�G�H�V���p�W�X�G�L�H�Q�W���F�H�V���H�I�I�H�W�V���G�H���I�D�o�R�Q���V�L�P�X�O�W�D�Q�p�����&�H���F�K�D�S�L�W�U�H���S�U�p�V�H�Q�W�H���G�R�Q�F���X�Q���H�V�V�D�L��

�D�X���F�K�D�P�S���S�R�X�U���F�R�P�S�D�U�H�U���O�H�V���H�I�I�H�W�V���G�H�V���p�S�D�Q�G�D�J�H�V���G�¶�H�I�I�O�X�H�Q�W�V���E�R�Y�L�Q�V���R�X���G�H���G�L�J�H�V�W�D�W�V���V�X�U���O�¶�H�Q�V�H�P�E�O�H���G�X��

�F�\�F�O�H���G�H���O�¶azote au champ. 

�&�H���F�K�D�S�L�W�U�H���H�V�W���p�F�U�L�W���V�R�X�V���O�D���I�R�U�P�H���G�¶�X�Q�H���S�X�E�O�L�F�D�W�L�R�Q���V�F�L�H�Q�W�L�I�L�T�X�H�����T�X�L���D���Y�R�F�D�W�L�R�Q���j���r�W�U�H���V�R�X�P�L�V�H���G�D�Q�V��une 

revue scientifique, après adaptation et validation de la 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 Moinard1, Adeline Besnault2, Marco Carozzi1,3, Sophie Génemont1, Yolaine Goubard-Delaunay1, 
Catherine Hénault1, Florent Levavasseur1, Benjamin Loubet1, Jean-Marie Paillat4,5, Catherine Pasquier1, 
Antoine Savoie6, Polina Voylokov1,3, Sabine Houot1 

1: UMR Ecosys, Université Paris Saclay, INRAE, AgroParisTech, Thiverval-Grignon, France 

2: UR SOLS, INRAE, Orléans, France 

3: BU EnVisAGES, INRAE, Thiverval-Grignon, France 

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

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

6: UE PAO, INRAE, Nouzilly, France 

 

Highlights 

�x We compared the use of digested or undigested cattle effluents to synthetic fertilizers  

�x Crop N uptake was explained by mineral N input, volatilization, and organic N mineralization. 

�x Digestates induced similar yield and N2O emissions than synthetic fertilizers 

�x Systems with digestates were the most sensitive to ammonia emissions. 

�x Organic applications in summer induced N losses but also likely SOM storage 
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Abstract 
Anaerobic digestion of animal effluents at the farm is increasing in Europe to promote biogas production 

as a renewable energy. The use of digestates as organic fertilizers and soil amendment is expected to 

promote nutrient recycling, decreasing the need in synthetic fertilizers. Digestates have different 

fertilizer and amendment properties than undigested animal effluents, and are subjected to different N 

losses. We evaluated those differences in a field experiment located in the center of France, during a 

three-year crop succession (wheat - rapeseed - wheat). Crops were managed with five different 

fertilization systems : no fertilization, synthetic N fertilizers, cattle manure and slurry, raw digestate, or 

separated solid and liquid digestates. Five applications of exogenous organic matters (EOMs) occurred 

in winter and spring (chemical fertilizer, cattle slurry, liquid or raw digestates) and two applications in 

summer (cattle manure, solid or raw digestates). Ammonia volatilization and N2O emissions were 

measured after each fertilizer application, additionally to crop N uptake and soil mineral N stocks. The 

dynamics of C and N mineralization from EOMs were assessed during incubations in soil under 

controlled conditions. Thanks to this complete N monitoring, we had a good understanding of mineral 

N cycle in the field. In spring, the surplus N uptake by crops compared to unfertilized treatment was 

well explained by the mineral N content of fertilizers, ammonia volatilization and to a lesser extent by 

the mineralization of organic N from EOMs. Compared to synthetic fertilizers (urea ammonium nitrate 

solution), the use of digestates induced similar yields, similar N2O emissions, and 2 to 3 times higher 

ammonia volatilization. In the treatments with organic fertilization, 40% to 53 % of total ammonia 

emissions occurred during summer amendment applications. The N2O emissions were explained by soil 

nitrate and ammonium contents, soil moisture, and temperature without influence of the nature of the 

fertilizers. Because of the imports of N with co-digested wastes, the use of digestate should also be 

compared to the use of undigested effluents at the farm scale. 

Keywords Digestates, NH3, N2O, nitrate, fertilizer efficiency, N cycling 
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3.1 Introduction 
Anaerobic digestion (AD) is a process in which organic substrates are degraded by microorganisms 

under anaerobic conditions to produce biogas, further used to produce energy. Various organic 

substrates can serve as input, such as biowastes, animal effluents, sewage sludge, or energy crops. The 

residual degraded matter, called digestate, is often valued in agriculture as an organic fertilizer. AD is 

an interesting technology to produce renewable energy and mitigate climate change (Cong et al., 2017; 

Hijazi et al., 2016; Lyng et al., 2018). The anaerobic digestion of biowastes can also improve nutrient 

cycling (Klinglmair and Thomsen, 2020; Moinard et al., 2021). Therefore, several countries in Europe 

and worldwide promote AD (Scarlat et al., 2018; Stürmer et al., 2020). The use of digestates as fertilizers 

is currently increasing, with a need to better characterize their positive and negative effects after field 

application. 

Most of AD plants in Europe are located on farms (European Biogas Association, 2019), where the main 

inputs are animal effluents, which can be co-digested with other external wastes or agricultural products. 

In this case, raw digestates are often  liquid products, similar to classical slurries (Beggio et al., 2019; 

Guilayn et al., 2019a; Stürmer et al., 2020). During the anaerobic digestion, organic matter is 

mineralized, with C removed as biogas (CO2, CH4), while organic N is mineralized as NH4
+ form (Möller 

and Müller, 2012). Therefore, digestates often have a lower C:N ratio and a higher Total Ammoniacal 

Nitrogen to Total Nitrogen (TAN:TN) ratio than undigested effluents (Möller and Müller, 2012). The 

digestates have a more stable organic matter than the input effluents (Béghin-Tanneau et al., 2019; de 

la Fuente et al., 2013; Thomsen et al., 2013). The raw digestate may be post-treated with a phase 

separation (Guilayn et al., 2019b). The solid phase, called solid digestate, has high dry matter and 

volatile solid contents. It is used primarily as a soil amendment, i.e. a product that maintains or increase 

soil organic matter (SOM) stocks (Houot et al., 2014). The liquid phase, called liquid digestate, has high 

TAN content: it is used as a N fertilizer, i.e. a product that can substitute synthetic N fertilizers (Houot 

et al., 2014). For farmers, the introduction of AD thus implies the use of digestates instead of animal 

effluents with different fertilizer and amendment properties, as well as different impacts. 

Multiple studies demonstrated that liquid or raw digestates substitute synthetic N fertilizers 

���%�D�U�á�y�J et al., 2019; Cavalli et al., 2016; Ferdous et al., 2020; Loria et al., 2007; Möller et al., 2008; 

Verdi et al., 2019), or P fertilizers (Zicker et al., 2020). However, their efficiency as N fertilizer may be 

influenced by ammonia volatilization and mineralization of organic N, which still needs to be better 

characterized (Möller and Müller, 2012; Sharifi et al., 2019). Solid digestates are often applied before 

sowing (Houot et al., 2014; Thomas et al., 2017). They have been sometimes demonstrated to be 

efficient short term N fertilizer as well (Maucieri et al., 2017). Moreover, as other exogenous organic 
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matters (EOMs) such as compost or solid manures, the repeated use of solid or liquid digestates could 

increase soil N release at the long term after repeated applications (Gómez-Muñoz et al., 2017; 

Gutser et al., 2005), which has been poorly explored concerning digestates. Such repeated applications 

could increase soil organic matter contents compared to mineral fertilizers (Odlare et al., 2011), although 

differences could be very small (Thomas et al., 2019). When comparing the incorporation of digested 

and undigested substrates, the total C remaining in soil is similar or slightly lower (Bodilis et al., 2015; 

Thomsen et al., 2013; Wentzel et al., 2015). Due to the diversity of digestate characteristics 

(Guilayn et al., 2019a), more studies are needed to better value digestate with their efficiency at 

increasing soil organic matter.  

Liquid digestates are subjected to ammonia emissions due to high TAN contents and high pH (Nkoa, 

2014), participating to air pollution and decreasing the fertilizing potential of digestate. Liquid digestate 

can be either more or less sensitive to volatilization than undigested slurries (Möller, 2015; Nicholson 

et al., 2017). Ammonia emissions from solid digestates has been poorly explored in the literature. When 

assessing environmental performances of manure digestion using life cycle assessments, ammonia 

emissions are major contributors to the acidification potential indicator, which can be a drawback 

(Vaneeckhaute et al., 2018; Zhang et al., 2021), even if the contrary was also found (Lyng et al., 2015; 

Styles et al., 2015; Wang et al., 2021). More field references are still needed to better predict ammonia 

emissions and improve environmental evaluation of AD. As all fertilizers, the use of digestate may 

trigger N2O emissions from soils. At the plot scale, lower N2O emissions have been reported after 

digestate application than after undigestated slurries (Möller, 2015; Nkoa, 2014), even if the contrary 

was also measured (Verdi et al., 2019). Fertilization practices, including spreading periods (e.g. autumn 

or spring) and management of crop residues could influence soil N cycle and N2O emissions 

(Möller and Stinner, 2009; Nicholson et al., 2017). N2O emissions could also be increased in case of 

repeated applications (Rosace et al., 2020). Nitrate leaching has been shown more sensitive to 

agricultural system changes induced by AD than to digestate physico-chemical properties (Möller, 

2015). 

Numerous positive and negative outcomes of the use of digestates are interacting and it is important to 

consider the N cycle at the scale of the crop rotation to correctly understand these interactions  (Möller, 

2009; Möller et al., 2008; Sieling et al., 1997; Stinner et al., 2008). If numerous references have been 

acquired on N fertilizing efficiency, ammonia volatilization, and N2O emissions after digestate 

application, there is still a need to characterize their impacts on the whole N cycle to better identify 

synergies and tradeoffs induced by the digestate application. Most published field studies were done 

either at the scale of one year and often with a single digestate applications, only focused on fertilizing 

and amendment properties (Cavalli et al., 2016; Odlare et al., 2014), or on N losses without considering 

crop production (Nicholson et al., 2017). Solid or liquid products are often applied in different treatments 

(Cavalli et al., 2016; Möller et al., 2008; Nicholson et al., 2017). 
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In this study, we aimed at investigating two linked questions: what are the fertilizing properties of 

digestates compared to undigested effluents? Simultaneously, do the digestate induce higher N losses in 

the field? More specifically, we investigated these questions: what are the factors that explain the 

different N fertilizer efficiencies of the different EOMs induced by AD introduction? Can digestates 

entirely substitute synthetic N fertilizer for annual crops? What are the amendment properties (potential 

increase of soil organic C) of digestates compared to animal effluents? Do digestates emit more NH3 

and N2O compared to undigested effluents? Here, we present a three-year field experiment, where we 

measured N flows during a wheat-rapeseed-wheat rotation. Five treatments represented five fertilization 

systems, with either undigested effluents (solid farmyard manure and liquid slurry), digested effluents 

with (liquid and solid phase) or without separation phase (raw digestate), chemical fertilizers, or a 

control without any fertilization. The kinetics of EOM organic N and C mineralization were assessed 

during soil-EOM incubations in laboratory controlled conditions to assess their contribution to soil 

mineral Nitrogen (SMN) supply and the stability of their 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 September 2017 to July 2019 at INRAE, Nouzilly, 

Centre �± �9�D�O�� �G�H�� �/�R�L�U�H���� �)�U�D�Q�F�H�� �������ƒ�����¶�� �1���� ���ƒ�����¶�� �(���� ���3�D�V�T�X�L�H�U�� �H�W�� �D�O������ ��������������The climate is temperate 

(oceanic climate, Cfb) with  a mean annual temperature of 11.9°C and a total rainfall of 650 mm. 

Monthly temperature, rainfall, and windspeed during the experiments were collected from a local 

meteorological station and additional data from Météo France (SAFRAN) (Figure 3.1). 

 

 

Figure 3.1 �± Monthly average temperature (line, °C), and rainfall (bars, mm) during the field 
experiment.   
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The experimental unit at INRAE (UE PAO) could be considered as a crop-livestock farm with dairy 

cattle. Before 2014, the cattle slurry was usually stored in a covered pit before application, and the solid 

cattle manure on an opened platform. In 2014, an anaerobic digester was installed with a continuous wet 

mesophilic process, with one main digester and one post-digester. The digester treats 7,500 t of wastes 

per year (fresh weight), consisting of cattle slurry (11% of fresh weight), cattle, sheep, and horse manure 

(17%), sewage sludge (29%), agroindustrial wastes (18%), grease (8%), and cereal middlings (8%). The 

remaining inputs consist in site water runoff (9%) and minor fraction of other wastes (e.g. grass silage, 

beet pulp). The total retention time is 100 days in the 2 digesters. At the output of the post-digester, the 

raw digestate is post-treated with phase separation using a screw press. The liquid phase is stored in an 

open lagoon, and the solid phase on an open storage platform. 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, Table 3.1) were tested in five plots of 24 x 75 m (1800 m2, 

one plot per treatment) (Supplementary Material 1). The crop succession was cultivated under 

conventional management (Supplementary Material 2). Winter wheat (Triticum aestivum) (var. Syllon) 

was harvested in 2017, rapeseed (Brassica napus) (var. Fernando) in 2018, and winter wheat 

(var. Descartes) in 2019. The wheat straws were exported and crop protection products were applied. 

The soil was tilled prior to each sowing, including ploughing (20 cm) before rapeseed sowing but not 

before wheat sowing.  

The five treatments consisted in: (MN) fertilization with only mineral N solution in late winter and 

spring, and chemical P fertilizer when needed; (CSM) fertilization with cattle farmyard manure in 

summer and cattle slurry in late winter and spring; (RD) application of raw digestate (without phase 

separation) in both summer and late winter/spring; (LSD) application of solid digestate in summer and 

liquid digestate in late winter and spring; and (0N) no fertilization. 

Mineral fertilizer, cattle slurry, raw digestate and liquid digestate were applied during late winter and 

spring, twice on each wheat crop, and once on rapeseed. The synthetic fertilizers were mostly Urea 

Ammonium Nitrate (UAN) solution with 30% N (%w/w) (15% urea, 7.5% ammonium, 7.5% nitrate). 

We used ammonium nitrate once, which was a solid N fertilizers with 33.5% N (w/w) (16.8% nitrate, 

16.8% ammonium). They were both applied with dedicated sprayers. The liquid EOMs were applied 

using a trailing hose. The doses of N were determined in function of N demand by the crop, soil mineral 

nitrogen (SMN) in the whole soil profile in late winter, and crop N uptake in late winter. The doses of 

EOMs were then determine based on this N demand and their total ammoniacal N (TAN) contents. 

Variations to calculated doses occurred, due to the difficulty to apply a precise homogeneous dose with 
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a trailing hose, and to small variations in EOM analyses. We also tried not to apply too high doses. The 

fertilization dates were based on crop development and capacity of the soil to bear spreading engines. 

Cattle manure, raw digestate, and solid digestate were applied as soil amendments at the end of summer, 

once before rapeseed sowing, and once before the second wheat sowing. Raw digestate was applied with 

a trailing hose, solid digestate and cattle manure were scattered with a manure spreader. The five plots 

were tilled 24 h after amendment application to bury the 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 application. Thus, the number of analysis were 2 for 

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

The dry matter (DM) content was determined after 48 h of drying at 105°C (NF EN 13040). The total 

volatile solids (VS) (mass loss after combustion) and total nitrogen (TN) contents (total Kjedhal N) were 

determined by standard methodology (NF EN 13039 and NF EN 13654-1, respectively). The mineral 

nitrogen (Nmin) was extracted with a 1 M KCl solution then analyzed by colorimetry on a continuous 

flow analyzer (Skalar, The Netherlands). In the EOMs, the nitrate content was very low and the mineral 

N content (Nmin) was approximately equal to TAN content. The C:N ratio was computed assuming that 

C content were half of VS content. Total P and total K contents were dosed by inductively coupled 

plasma optical emission spectrometry (NF EN ISO 11885) after dissolution in agua regia (NF EN 

13346).  

IROC is an indicator proposed by Lashermes et al. (2009) to represent the proportion of EOM organic 

matter remaining in soil after each EOM application. It is based on the biochemical fractionation of 

EOM (Van Soest and Wine, 1967) and on the carbon mineralized after three days during an incubation 

of dried EOM. IROC has been demonstrated to be a good predictor of EOM amendment properties, i.e. 

its capacity at contributing to soil OM stocks (Levavasseur et al., 2020; Peltre et al., 2012). IROC was 

measured on the incubated EOMs following Lashermes et al. (2009) and using the equation: 

 (equation 3.1) IROC = 44.5 + 0.5 SOL - 0.2 CEL + 0.7 LIC - 2.3 C3d 

where IROC was expressed in %VS, SOL, CEL, and LIG were the soluble fraction, cellulose-like fraction, 

and lignin-like fractions of organic matter (%VS), and C3d was the proportion of C mineralized from 

the dried EOM in soil after three days. The proportion of EOM C contributing to soil C stocks 

(recalcitrant fraction)  was computed by multiplying their C content and IROC. 
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Table 3.1 �± Application of mineral and organic fertilizers in the different treatments. Doses are reported in t ha-1 (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 ha-1 / 37 38 36 
  kg Nmin ha-1 86 23 86 74 
  kg Ntot ha-1 86 40 169 137 
 19 April 2017 fertilizer UAN solution Cattle slurry Raw digestate Liquid digestate 
  t ha-1 / 60 31 32 
  kg Nmin ha-1 43 46 63 63 
  kg Ntot ha-1 43 59 129 123 
 Total 2017 kg Nmin ha-1 129 69 149 137 
  kg Ntot ha-1 129 99 298 260 
Rapeseed 2018 2 August 2017 fertilizer / Manure Raw digestate Solid digestate 
  t ha-1 / 35 32 33 
  kg Nmin ha-1 / 20 66 43 
  kg Ntot ha-1 / 276 133 207 
 21 March 2018 fertilizer UAN solution Cattle slurry Raw digestate Liquid digestate 
  t ha-1 / 27 32 36 
  kg Nmin ha-1 99 34 82 98 
  kg Ntot ha-1 99 88 166 198 
 Total 2018 kg Nmin ha-1 99 54 148 141 
  kg Ntot ha-1 99 364 299 405 

Nmin: mineral N. Ntot: total N. 
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Table 3.1 �± Application of mineral and organic fertilizers in the different treatments. Doses are reported in t ha-1 (Fresh Weight).(2/2) 

Culture Date  Treatment 
   MN CSM RD LSD 
Wheat 2019 19 September 2018 fertilizer / Manure Raw digestate Solid digestate 
  t ha-1 / 12 16 16 
  kg Nmin ha-1 / 10 44 28 
  kg Ntot ha-1 / 105 86 110 
 19 February 2019 fertilizer UAN solution Cattle slurry Raw digestate Liquid digestate 
  t ha-1  24 12 23 
  kg Nmin ha-1 40 47 48 56 
  kg Ntot ha-1  64 57 99 
 12 March 2019 fertilizer UAN solution Cattle slurry Raw digestate Liquid digestate 
  t ha-1 / 18 20 18 
  kg Nmin ha-1 80 19 44 39 
  kg Ntot ha-1 80 40 87 75 
 1 May 2019 fertilizer Ammonium nitrate Ammonium nitrate / / 
  t ha-1 / / / / 
  kg Nmin ha-1 41 24 / / 
  kg Ntot ha-1 41 24 / / 
 Total 2019 kg Nmin ha-1 161 100 136 123 
  kg Ntot ha-1 161 233 230 284 
3 years Total kg Nmin ha-1 389 223 433 401 
  kg Ntot ha-1 389 696 827 949 

Nmin: mineral N. Ntot: total N. 

 

 



  Chapitre 3 

97 
 

3.2.4 Soil description 

The soil was characterized at the beginning of the experiment in 2017, with nine soil sampling in each 

plot. It was mainly a Stagnic Luvisol, with minor surface described as a Haplic Planosol (WRB, 2015). 

Soil depth was 100 cm. We analyzed the following properties on 9 samples per plot in 2017: particle 

size distribution to determine texture (NF X 31-107), total C and N contents by dry combustion, gas 

chromatography, and thermal conductivity detector (NF ISO 10694 and NF ISO13878), pH in a water 

suspension (NF ISO 10390), cation-exchange capacity (CEC) (NF X 31-130), CaCO3 content by 

acidification and measurement of released CO2 volume (NF ISO 10693), mass loss after combustion for 

SOM (1100 °C), corrected by CaCO3 content. The bulk density was measured in the upper layer on 

fifteen locations with the core method (NF X31-501). The characteristics of the topsoil (0-20 cm depth) 

are described in Table 3.2 for each plot. We observed a slight gradient of texture between the plots. The 

topsoil was  silty loamy. The bulk density was 1.37 g cm-3 (standard deviation: 0.05). The CaCO3 content 

was low (1.4 g kg-1, standard deviation: 0.3). 

 

Table 3.2: Soil physico-chemical characteristics in the upper layer (0-20 cm) of each treatment plot. 
Results are expressed as mean ± standard deviation (n = 9). 

 Clay 

(% w/w) 

Silt 

(% w/w) 

Sand 

(% w/w) 

pH SOC 

(g kg-1) 

C:N  CEC 

(meq 100 g-1) 

MN 16.1 ± 1.5 59.2 ± 1.3 24.7 ± 0.7 6.7 ± 0.3 14.6 ± 1.3 10.1 ± 0.2 8.9 ± 0.7 

CSM 15.4 ± 1.5 57.3 ± 1.3 27.2 ± 1.4 6.4 ± 0.2 14.6 ± 1.3 10.3 ± 0.1 8.5 ± 0.6 

RD 15.8 ± 1.7 70.6 ± 1.6 13.6 ± 0.7 6.1 ± 0.2 12.8 ± 1.3 10.4 ± 0.2 6.9 ± 1.1 

LSD 17.1 ± 1.4 62.3 ± 1.0 20.6 ± 2.0 6.5 ± 0.4 13.3 ± 1.0 10.1 ± 0.1 8.9 ± 0.7 

0N 20.2 ± 3.0 63.5 ± 3.0 16.4 ± 0.9 6.4 ± 0.2 13.4 ± 0.6 10.1 ± 0.2 10.0 ± 1.5 

SOC: soil organic carbon. 

 

3.2.5 Field trial monitoring 

3.2.5.1 Aboveground biomass, grain yield and N content 

The crops were harvested on the whole plot surface (1800 m2) with classical machinery. The whole 

harvested grain was weighted to measure grain yield. The uncertainty in yield was computed considering 

the uncertainty measurement of the balance. Just before harvest, the crops were sampled in 3 pooled 

subplots (total 0.2 m2) for wheat 2017, 3 subplots (total 3 m2) for rapeseed 2018, 5 subplots (total 1.5 m2) 

for wheat 2019. We measured total aboveground and grain biomass. N content in grain and straw, and 

protein content in wheat grain were analyzed by a specialized laboratory. We used these measures to 

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

error propagation formulas. 

Aerial biomass and N uptake of rapeseed were also evaluated similarly on 3 subplots per treatment 

(total 3 m2) on 20th of November 2017 and 20th of February  2018 to drive N fertilization.  

3.2.5.2 Ammonia volatilization 

The volatilization of ammonia was measured after each fertilizer applications, using passive ALPHA 

samplers (Adapted Low-cost Passive High Absorption). On each event, immediately after the 

application of the EOMs or chemical fertilizers, 3 masts were installed in each plot uniformly distributed 

in the middle line of each plot. On each mast, three passive samplers were installed at two heights (30 cm 

and 1 m above soil or vegetation). Three masts with three samplers each (3 m - high) were also installed 

in three opposite directions at 300 m from experimental field, to measure environmental NH3 

concentration. Samplers were changed regularly, every 12 h during 24 to 48 h, then once a day to once 

every two days until day 4 to 6. During the whole measurement period, wind speed and 3-dimensional 

wind direction were measured with a sonic anemometer installed at 2 m height on the field site with a 

frequency of 20Hz (Gill Instruments, United Kingdom). Total cumulated NH3 volatilization (kgN ha-1) 

after 6 days and associated uncertainty, were estimated from samplers concentrations and 

meteorological data with reverse modelling using the FIDES model (Carozzi et al., 2013b; Loubet et al., 

2010). 

3.2.5.3 Soil mineral Nitrogen 

The stocks of soil mineral Nitrogen (SMN) over the whole soil profile were measured in February to 

drive fertilizer doses, after harvest to calculate the mineral N left by the crops, and in November (second 

and third year), to assess potential winter nitrate leaching in winter. At each date and on each treatment, 

9 soil cores were sampled and pooled in 1 to 3 pools, at four depths (0-20 cm, 20-40 cm, 40-70 cm, 

70-100 cm). The N-NO3
- and N-NH4

+ contents were analyzed by colorimetry after KCl extraction. SMN 

contents were calculated as the sum of NO3
--N and NH4

+-N contents. SMN stocks (kgN ha-1) were 

computed using soil bulk density (1.37 g cm-3 on 0-20 cm, 1.55 g cm-3 on 20-40 cm, 1.60 g cm-3 on 

40-100 cm). 

3.2.5.4  N2O emissions 

N2O emissions were measured with the static chamber method (Gu et al., 2013; Jeuffroy et al., 2013). 

Each plot was equipped with 5 static chambers. The position of each chamber was semi-randomly 

chosen to be representative of the whole plot surface. They were located more than 1.5 m from the plot 

border, avoiding wheel tracks. After a spring fertilizer application, N2O emissions were measured twice 

a week during 2 weeks, then once a week for one month and once a month during late spring and 

summer. After a summer fertilizer application, N2O emissions were measured twice a month, and once 

a month in late autumn and winter before the next application event. In total, N2O emissions were 
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measured at 42 dates. The static aluminum chambers measured 50 cm x 50 cm. They were 25 cm high 

in autumn and winter, and 75 cm high in spring when vegetation was higher. They were buried 10 cm 

within the soil. At each measurement date, chambers were sealed, and air was sampled at time 0 min, 

30 min, 60 min, and 90 min. N2O emissions started between 10 am and 2 pm. N2O in air samples was 

analyzed by Gas Chromatography with Electron Capture Detector (Trace GC Ultra, Thermo Scientific). 

When the N2O concentration in the chamber was positively correlated with time (r > 0.9), there was an 

accumulation of N2O and the slope of the regression line was used to compute N2O emission rate. When 

the N2O did not accumulate in the chamber (correlation between N2O content and time r < 0.9), N2O 

emissions were set to 0. 

Topsoil sampling (0-20 cm) were realized in the proximity of each chamber at each N2O emission 

measurement date. Gravimetric soil water content (SWC) (% w/w) was measured by weighting and 

drying soil at 105°C, and converted to fraction of water-filled pore space (%WFPS) using topsoil bulk 

density (1.37 g cm-3) and assuming that soil particle density is equal to 2.65 g cm-3. SMN contents 

(i.e, N-NH4
+ and N-NO3

- contents) were measured by colorimetry after KCl extraction (see also 

Supplementary Material 4). 

To summarize, we estimated the total emissions by integrating punctual N2O emissions along the time 

during 50 days, in late summer/autumn (2017, 2018), and late winter/spring (2017, 2018, 2019). The 5 

periods (250 days on three years) were then summed. This computation did not aim to estimate the right 

absolute N2O emission value nor emission factors, but enabled to compare fertilization systems 

integrating emissions during the periods following applications. 

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 mineralization of C and N. The EOM were incubated 

in the same soil as the field experiment (plot 0N, 0 - 20 cm). The soil was sieved fresh to 4 mm. The 

field capacity of the sieved soil was measured with a Richards press (30,990 Pa) and was 25% w/w. 

Raw digestate, solid digestate, and cattle manure were sampled on  September 19th, 2018 during field 

application. Cattle slurry and liquid digestate were sampled on March 12th,  2019 during field 

application. Solid digestate and cattle manure were chopped by hand for homogenization. The EOMs 

were stored at 4°C in plastic containers during two months before the incubations. The EOMs were 

incubated fresh, in non-limiting conditions for moisture, SMN, and temperature. They were mixed 

homogeneously into 500 g of soil in the proportion of 2000 mg Corg kg DS -1. After soil mixing, KNO3 

solution or deionized water was added when necessary to the mixture to reach a minimum SMN content 

of 35 mgNmin kgDS-1, and a soil moisture of  25% w/w (field capacity). Mixtures were incubated in 

darkness at 28 ± 1 °C for 175 days. 
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The mineralization of organic Carbon was measured by following soil CO2 emissions. Four replicates 

per EOM were used, as well as an unamended soil control treatment and blank treatment without any 

material. The mixture of each replicate was placed in a 3 L airtight vessel, along with a plastic vessel 

containing 20 mL of NaOH (1 mol L-1) solution to trap CO2 emissions. CO2 was measured by 

colorimetry on a continuous flow analyser (Skalar, The Netherlands). We computed the cumulated C 

mineralization, which was then expressed in % Corg initially present in the EOM, by subtracting CO2 

emissions in control treatment (soil respiration). We evaluated the proportion of recalcitrant organic C 

as the remaining C in the soil after 175 days. 

The behaviour of mineral N during EOM decomposition was measured with destructive replicates. Four 

replicates per treatment and per date of measurement were used. At dates 0, 3, 7, 14, 25, 49, 91, 175 days, 

we extracted and analyzed SMN as described before. At each date, to avoid accounting for initial mineral 

N, mineralized N-NH4
+ and N-NO3

- contents were computed by subtracting total N-NH4
+ and N-NO3

- 

contents by their contents at t=0 day in each treatment. Net N mineralization or immobilization was 

computed by subtracting mineralized N-NH4
+ and N-NO3

- contents in soil by the one in unamended 

control (soil mineralization). Net N mineralization or immobilization was then expressed in % Norg 

initially present in the EOM. We also computed the available mineral N brought by the EOM, expressed 

in kg Nmin in soils per kg FW of EOM brought, taking into account both mineralization/immobilization 

cited above and initial TAN content in the EOM. Details in methods and computations are given in 

Supplementary Material 5. 

3.2.7 Fertilizer N availability 

For each cropping season, we evaluated the N availability (%Ntotal) of the different fertilizers. It is 

defined as the fraction of total applied N which can be used on the short term by the crop. It was 

computed considering mineral N input, volatilization, mineralization from EOMs during crop growth. 

The period considered in this analysis ranged from winter (February) to harvest. It was computed as 

follow: 

(equation 3.2) 

�����ƒ�˜�ƒ�‹�Ž�ƒ�„�‹�Ž�‹�–�›�� L ��
�0�à�Ü�á�ˆ�‡�”�–�‹�Ž�‹�œ�‡�”���‹�•�’�—�–���� ���˜�‘�Ž�ƒ�–�‹�Ž�‹�œ�‡�†������ E ���•�‹�•�‡�”�ƒ�Ž�‹�œ�‡�†�������ˆ�”�‘�•��������

�B�A�N�P�E�H�E�V�A�N���0�ç�â�ç�Ô�ß���E�J�L�Q�P

L �6�#�0�ã�6�0F �'�( �é�â�ß�Ô�çE �B�A�N�P�E�H�E�V�A�N���I�E�J�A�N�=�H�E�V�=�P�E�K�J���ä�����0�â�å�Ú�ã�6�0�� 

Nmin fertilizer input (kg N ha-1) was computed from EOM analysis. Volatilized N (kg N ha-1) was 

measured as described in section 3.2.5.2. The mineralized N from EOMs (kg N ha-1) was estimated from 

their percentage of mineralized organic N during laboratory incubation (section 3.2.6.3) at day 49. 

Indeed, we used the function of EOM mineralization used in the STICS model (Brisson et al., 2008) and 

daily air temperature to estimate that the mineralization between first fertilizing event and harvest were 

equivalent to 60 to 70 days of incubation at 28°C, in 2017, 2018, and 2019. Fertilizer Ntotal input was the 
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total N applied in the field (kgN ha-1). TAN:TN is the TAN:TN ratio of the fertilizer. EFvolat was the 

emission factor of volatilization relatively to applied TN. Fertilizer mineralization was the ratio of 

mineralized N to applied organic N, and Norg:TN was the ratio between applied organic N and total 

applied N. 

We computed surplus N uptake by plant, relatively to 0N treatment (surplus N uptake, kgN ha-1). Surplus 

N uptake was the difference of N uptake by crops (in aboveground organs) between fertilized and 

unfertilized treatments, from February to harvest.  

(equation 3.3) 

�•�—�”�’�Ž�—�•�������—�’�–�ƒ�•�‡�� L ���:�?�N�K�L���0�Û�Ô�å�é�Ø�æ�çF �?�N�K�L���0�ê�Ü�á�ç�Ø�å�; F k�?�N�K�L���0�Û�Ô�å�é�Ø�æ�ç
�4�Ç F �?�N�K�L���0�ê�Ü�á�ç�Ø�å

�4�Ç o 

Where crop N was the N uptake in aboveground organs of the crops (kgN ha-1). N uptake were not 

measured on wheat in February in 2017 and 2019. However, N uptake by wheat at that stage is low, it 

was thus neglected. The time of analysis is indicated in subscript. The indication 0N in superscript 

indicate that the value refers to unfertilized control treatment. 

The surplus N uptake was compared to the mineral N supply, to verify whether the crop growth was 

correlated to the fertilizer N availability. The mineral N supply was defined as the mineral N available 

for plant in each plot compared to control, from February to harvest. We computed the mineral N supply 

from the fertilizer N availability. We also considered the difference of variation of SMN stocks in each 

treatment compared to control plot, which enabled to consider the differences in SMN stocks in February 

between the treatments. We assumed that mineralization of SOM was similar in all treatments and that 

the effect of incorporation of former crop residues and organic amendment on SMN stocks occurred 

before opening the N balance in February. Therefore, we neglected the N supply from previously applied 

organic matter. At last, we computed the mineral N supply (kgN ha-1) with equation 3.4: 

(equation 3.4)  

�/�E�J�A�N�=�H���0���O�Q�L�L�H�U

L �0���=�R�=�E�H�=�>�E�H�E�P�U���ä �B�A�N�P�E�H�E�V�A�N���0�ç�â�ç�Ô�ß���E�J�L�Q�P E�:�5�/�0�ê�Ü�á�ç�Ø�åF �5�/�0�Û�Ô�å�é�Ø�æ�ç�;

F k�5�/�0�ê�Ü�á�ç�Ø�å
�4�Ç F �5�/�0�Û�Ô�å�é�Ø�æ�ç

�4�Ç o 

Where N availability was computed from equation 3.2 (%Ntotal), fertilizer Ntotal input was the total N 

applied with the fertilizers (kgN ha-1), and SMN was the SMN stocks in the whole soil profile (kgN ha-

1). The time of analysis is indicated in subscript. The indication 0N in superscript indicates that the value 

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

(equation 3.5) �0�7�' L ��
�æ�è�å�ã�ß�è�æ���Ç���è�ã�ç�Ô�Þ�Ø

�Ù�Ø�å�ç�Ü�ß�Ü�í�Ø�å���Ç�ß�Ú�ß�Ì�×���Ü�á�ã�è�ç
 

NUE considered only the N applied in late winter and spring. 

3.2.8 Field N balance 

3.2.8.1 Mineral N balance 

To verify the consistency of all N flux measurements, we computed the mineral N balance in the soil. 

We computed the balance once, during a period of three years that started from February 2017 for the 

first fertilizing event of the first wheat until the harvest of the second wheat in July 2019. We first 

computed the sum of mineral N inputs, i.e. the processes that supplied mineral N to crops: the mineral 

N input from fertilizers, the decrease in SMN stocks between the end and the beginning of the 

experiment, the mineralization of organic N from applied EOMs, and the mineral N supply from SOM 

and crop residues. Atmospheric deposition was neglected. Then, we compared the total input to the total 

outputs of mineral N. The outputs of mineral N are all the processes that remove mineral N from the soil 

: nitrate leaching, ammonia volatilization, N immobilization in SOM induced by EOM decomposition, 

N uptake by crops (aboveground and belowground biomass). The emissions of N2O and N2 were 

neglected. 

The mineral N input from fertilizers and ammonia volatilization were measured. So were the N uptake 

in plant (aboveground organs) that considered exported grains and crop residues. The organic N 

mineralization or immobilization following EOMs application were deduced from the incubation in 

controlled conditions, as previously described, from application to the end of the experiment. We 

estimated nitrate leaching every year by computing the difference of SMN stocks at the beginning and 

at the end of winter. The N uptake in wheat roots was considered to be 15% of total N uptake 

(Allard et al., 2013). N uptake in rapeseed roots and in dead leaves, which was not measured, were 

considered to be 6% and 11% of N uptake in aerial rapeseed at harvest, respectively (Malagoli et al., 

2005). The difference in SMN stocks was computed once between the end and the start of the 

experiment. Total N uptake in 0N control treatment were assumed to be a proxy of the net soil N supply 

via SOM and crop residues and roots decomposition. When the soil was bare in summer, the mineralized 

N was assumed to stay in the soil and to be used by the following crop. 

3.2.8.2 Total N balance 

We also computed the balance of total N during the crop rotation to estimate the incorporation of organic 

N into the SOM. The only input of total N came from the fertilizers and EOMs. Total N outputs were N 

in exported crops (measured), ammonia volatilization (measured), and nitrate leaching (estimated, see 

above). Emissions of N2O and N2 were neglected. The balance between input and output was considered 

an input of soil organic N.  
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3.2.9 Statistical analyses 

Statistical analyses were realized with the R software (v4.0.2) (R Core Team, 2020). 

The uncertainty on agricultural performance was low, because the whole plots were measured: we knew 

precisely what the crop yields were.  However, the variabilities of the crop growth inside each plot were 

not characterized and no statistical test could be performed to distinguish the agricultural performance 

of the treatments. 

At each date, we used a Kruskal-Wallis test to verify whether N2O emissions were different between 

treatments. If the treatments had significantly different N2O emissions, (p <0 .05), a post-�K�R�F���'�X�Q�Q�¶�V��

test was used to find which treatment was different from one another (p < 0.05). We used the kruskal.test 

function, and the dunn.test function from the dunn.test package (Dinno, 2017). Similarly, we verified 

whether NH3 volatilization (total and emission factors) differed between treatments for each application 

event. 

Ammonia volatilization was obtained from a reverse modelling approach that provided a mean and 

standard deviation of the measure for each treatment and event. Therefore, no statistical tests were 

realized to compare the treatments. The cumulated NH3 volatilization and N2O emissions cannot be 

realized for each replicates, ad no statistical tests were realized to differentiate the treatments. 

We analyzed the major drivers of NH3 volatilization after application of liquid EOMs using a linear 

model. Solid digestate and cattle manure were excluded from the analysis. The analyzed datasets 

contained 17 points, i.e. 5 fertilization dates and 3 EOMs in winter/spring, 2 dates with raw digestate in 

summer. The response variable of the model was the volatilization emission factor, i.e. the percentage 

of applied TAN which volatilized. Tested explanatory variables were: mean air temperature (°C, 24h, 

72h, or 6 days), total rainfall (mm, after 24h, 72h, or 6 days), mean wind speed (m s-1, during 24h, 72h, 

or 6 days), pH of EOMs, DM content of EOMs (g kg-1), TAN content of EOMs (gN kgFW-1), type of 

EOMs, and a Boolean variable indicating whether the EOM was burrowed. Different models were built 

successively, using the lm function of the R software (R Core Team, 2020). We used the stepAIC 

function from MASS package (Venables and Ripley, 2002) to select the best model, using an automatic 

�³�V�W�H�S�Z�L�V�H�´���D�S�S�U�R�D�F�K���W�K�Dt iteratively add or remove one explanatory variable at a time. The successive 

models were compared using the Aikake Indicator Criterion (AIC), and the model with the lower AIC 

was selected. The consistency of the model was verified by hand. The assumptions of the linear model 

were visually verified. 

We analyzed the major determinant of N2O emissions. The analyzed datasets contained 185 points, i.e. 

5 treatments and 37 dates. The response variable of the model were the logarithm of N2O emissions. 

Tested explanatory variables were: topsoil water content (% WFPS), N-NH4
+ topsoil content 

(mg kg DS-1 (dry soil)), N-NO3
- topsoil content (mg kg DS-1), SMN topsoil content (mg kgDS-1), mean 
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daily air temperature (°C), season (was the last application of fertilizer in winter/spring or summer?), 

treatment, date expressed in days from the beginning of the experiment (to evaluate any adaptation 

effect). The best model was investigated as described previously. 

3.3 Results 

3.3.1 Characteristics of exogenous organic matters 

Solid digestate and cattle manure are solid products, with high DM and VS contents (Table 3.3). They 

had similar basic pH and similar DM, VS, and P contents. The main differences were a higher TAN:TN 

ratio in solid digestate (24%) compared to manure (8%), and a higher K content in manure (11.3 gK 

kgFW-1) compared to solid digestate (3.6 gK kgFW-1), and a slightly higher TN content in manure 

(8.3 gN kgFW-1) compared to solid digestate (6.6 gN kgFW-1). Cattle slurry, raw digestate and liquid 

digestate are liquid products, with high TAN contents, and similar high TAN:TN ratio (50% to 60%). 

Raw and liquid digestates were similar, with only a slightly higher DM and VS contents in raw digestate 

than in liquid digestate. The cattle slurry had DM, VS, and K contents that were similar or lower than 

the one in digestates. The  slurry pH was lower than the one of digestates, and the TN and TAN contents 

were more than 30% lower in slurry (2.1 gTN kgFW-1) compared to liquid digestate (4.3 gTN kgFW-1) 

or raw digestate (4.6 gTN kgFW-1). Slurry also had a lower P content than digestates. 

The chemical characteristics (DM, VS, TN, TAN, P, K contents) of solid digestates, cattle manure, raw 

digestates, and liquid digestates varied from one year to another, the coefficient of variations of these 

characteristics were up to 25%. Only pH were less variable with coefficients of variation lower than 3%. 

The characteristics of cattle slurry were much more variable. This was partly explained because the 

slurry was less concentrated in 2017 compared to 2018 and 2019; however, the variability of the slurry 

was higher than the one in digestate even if we considered only 2018 and 2019 (Supplementary Material 

6). Anaerobic digestion seemed thus to lower the variation of the characteristics of the liquid EOM 

through the time. The coefficient of variation for TAN content were 47%, 25%, and 13% for slurry, raw 

digestate, and liquid digestate, respectively. 

The decomposition of the EOMs induced a net N mineralization for liquid digestate (27% of the initial 

organic N Norg at day 49), a net N immobilization for cattle slurry (-19%) and solid digestate (-28%), 

and a variable to neutral N release for raw digestate and cattle manure (Figure 3.2.A). The N availability 

of the EOMs, that considered the net mineral N due to TAN inputs and N mineralization, is displayed 

in Figure 3.2.B. At the beginning of the incubation, the liquid digestate had a slightly lower TAN content 

than the raw digestate. The N availability of the liquid digestate increased with the time due to the 

mineralization of the organic N, and became similar or higher than the N availability of raw digestate. 

Compared to liquid and raw digestate, cattle slurry would have lower mineral N availability for crops, 

mainly because of lower TAN content and, on a lesser extent, of N immobilization. Solid digestate had 
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a higher TAN content than manure, but the induced N immobilization after addition to soil decreased 

the mineral N availability from solid digestate and both solid digestate and cattle farmyard manure had 

equivalent potential N availability. 

All EOMs presented rather large rates of organic C mineralization (Figure 3.2.C) with intense 

mineralization during 28 days then decreasing and reaching a plateau at the end of the incubation. The 

raw digestate presented the lowest mineralization kinetics with unexpected larger intensity of 

mineralization for both solid and liquid phases. The remaining organic C in soil was calculated as the 

difference between added and mineralized organic C after 175 days (Table 3.3). The data were consistent 

with the IROC value measured except for the raw digestate for which residual C during incubation was 

higher than measured through the IROC value (r2 = 0.98, excluding raw digestate). We observed an intense 

C mineralization on the first day of incubation for liquid digestate and slurry, indicating the presence of 

highly degradable organic matter (Figure 3.2.C). This peak was not observed for raw digestate. 

 

 

Figure 3.2: Kinetics of C and N mineralization from EOMs during incubations in soils under controlled 
conditions. For each subfigure, error bars show one standard error. A: Cumulated C released under 
CO2 form, expressed in percentage of initial organic C from the EOM. B: Cumulated N mineralization 
or immobilization, expressed in percentage of initial organic N in the EOM. C: Cumulated mineral N 
supply by the EOM, taking into account mineral N input together with organic N mineralization.  
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Table 3.3: Average physicochemical characteristics of the EOMs, calculated from the analysis done for each application. Results are indicated as: mean ± 
standard deviation (coefficient of variation). Stable C fraction during incubation and IROC were analyzed on one sample; the mean was written followed by the 
standard error between square brackets (standard error). 

 Cattle farmyard 

manure 

Solid digestate Cattle slurry Liquid digestate Raw digestate 

DM (%FW) 32.5 ± 3.4 (11%) 27.2 ± 4.9 (18%) 3.4 ± 2.6 (77%) 4.8 ± 1.1 (23%) 6.6 ± 0.6 (9%) 

pH 9.7 ± 0.3 (3%) 9.3 ± 0.1 (1%) 7.4 ± 0.5 (7%) 7.9 ± 0.2 (2%) 8.0 ± 0.1 (2%) 

VS (g kgFW-1) 253 ± 17 (7%) 232 ± 52 (22%) 24.4 ± 19.9 (81%) 28.8 ± 5.7 (20%) 45.2 ± 3.9 (9%) 

Stable C (%Corg) 

from incubations 

66.5 [1.0] 60.4 [1.2] 60.5 [2.3] 69.0 [1.5] 77.7 [0.4] 

IROC (%Corg) 67.0 [0.3] 58.0 [1.1] 56.0 [0.7] 72.6 [2.4] 59.7 [3.5] 

TAN (g kgFW-1) 0.7 ± 0.2 (22%) 1.6 ± 0.4 (24%) 1.1 ± 0.5 (47%) 2.3 ± 0.3 (13%) 2.6 ± 0.6 (25%) 

TN (g kgFW-1) 8.3 ± 0.4 (5%) 6.6 ± 0.5 (8%) 2.1 ± 1.0 (49%) 4.3 ± 0.7 (16%) 4.6 ± 0.5 (11%) 

TAN:TN (%) 8 ± 1.0 (17%) 24 ± 4 (16%) 59 ± 16 (28%) 53 ± 3 (5%) 55 ± 13 (24%) 

C:Ntotal 15.3 ± 1.8 (11%) 17.8 ± 5.4 (30%) 5.2 ± 2.2 (42%) 3.3 ± 0.2 (6%) 4.9 ± 0.4 (8%) 

P (g kgFW-1) 2.1 ± 0.1 (5%) 2.5 ± 0.3 (12%) 0.3 ± 0.2 (59%) 0.9 ± 0.3 (34%) 1.0 ± 0.2 (17%) 

K (g kgFW-1) 11.3 ± 2.4 (21%) 3.6 ± 0.6 (17%) 1.8 ± 1.2 (63%) 3.5 ± 1.0 (29%) 3.6 ± 0.7 (21%) 
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Organic matter in the undigested farmyard manure (IROC = 67%VS) were slightly more stable than solid 

digestate (IROC = 60%VS), confirmed by a higher IROC and residual C during incubation. On the contrary, 

the organic matter stability of the slurry was slightly lower (IROC = 61%VS) than the one of liquid 

digestate (IROC = 69%VS). According to IROC, the stable organic matter remained preferentially in the 

liquid phase during the phase separation. However, the 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 volatilization occurred during the first 2 days then stopped because 

of the EOM burying (data not shown). The quick and important volatilization for all EOMs were 

attributed mainly to high temperature (Figure 3.3.A). The very high emission factors for cattle manure 

and solid digestate (up to 100% of TAN) represented 5 to 24 kg of N losses despite of the low TAN 

content of those products. 

After application of EOMs in late winter and spring, 64% to 100% of the total volatilization occurred 

during the first 2 days (data not shown). The EOMs were not buried. Across the five events, absolute 

volatilization values and emissions factors varied according to EOM doses, meteorological conditions, 

and product characteristics (Figure 3.3.B). The volatilization varied from 0 to 5 kgN ha-1 for chemical 

N solution (0 to 7% of TAN brought); from 0 to 8 kg N ha-1 for cattle slurry (0 to 40% of TAN applied); 

from 7 to 38 kg N ha-1 for raw digestates (13 to 60% of TAN applied); and from 2 to 16 kg N ha-1 for 

liquid digestate (3 to 29% of TAN applied). Considering the five applications, the EOMs had higher 

emission factors than chemical solution. Raw digestate was the most sensitive liquid EOM to 

volatilization, regarding both emission factors or total volatilization. Liquid digestate had similar or 

slightly higher emission factors than cattle slurry; however, the total volatilization was higher for liquid 

digestate due to higher doses of applied TAN. 

The best linear regression model (adjusted R² = 0.63) found to explain the percentage of TAN volatilized 

after the application of liquid EOMs was: 

(equation 3.6) EFvolat = - 245.1 �± 17.1 TAN + 6.8 DM + 25.8 pH + 8.8 T - 1.3 R - 76.0 BURIED. 

where EFvolat was the emission factor of ammonia after 6 days (% applied TAN), TAN was the TAN 

content of the organic product (gN kgFW-1), DM was the DM content of the EOM (g kgFW-1), pH was 

the pH of EOM, T was the mean air temperature during 6 days (°C), R was the total rain during 6 days 

(mm), and BURIED was 1 if the EOM was buried  and 0 if not. Wind speed, application dose 

(tFW ha-1), and type of EOM were not selected in the model. The climatic variables were better 

explanatory variables when considered on 6 days than when they were considered on 1 or 3 days. The 

model showed a positive correlation (p < 0.05) of volatilization to DM content, pH, air temperature, and 

a negative correlation (p < 0.05) of volatilization to rainfall and TAN content, and burying. 
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Figure 3.3: Ammonia emissions 6 days after the applications of fertilizers in the field, expressed in kgN 
ha-1

, % of applied TAN, and % of applied TN. In each subfigure, error bars show one standard error. 
For each dates, mean air temperature (T), rainfall, and wind speed (WS) during 6 days are indicated 
(A, B). A) NH3 volatilization during winter and spring applications. MN: Mineral N. CS: Cattle slurry. 
RD: Raw digestate. LD: Liquid digestate B) NH3 volatilization during summer applications. CM: Cattle 
manure. RD: Raw digestate. SD: Solid digestate. C) Total emissions during the three-year period, in 
each treatment. No statistical tests were realized to differentiate the treatments. MN: mineral N. CSM: 
cattle slurry and manure. RD: raw digestate. LSD: liquid and solid digestate. 
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In 2017, ammonia emissions factors for slurry were low, because the applied slurry had a very low DM 

content (< 2% FW). In 2018 and 2019, slurry and liquid digestate had similar DM contents. The liquid 

digestate had a higher pH that promoted high emission factors, but higher TAN content that decreased 

the emission factors. Therefore, emission factors were similar for both products. A negative correlation 

was observed between TAN content and emission factors. This could be due to a larger difficulty  to 

reach a high emission factor when the TAN content is high, because it requires the volatilization of a 

high absolute amount of ammonia. The liquid digestate had similar or lower emission factors than raw 

digestate. We attributed it to its lower DM content that enabled a faster infiltration of digestate in the 

soil and therefore reduced volatilization. Considering raw digestate, the meteorological conditions were 

more favorable to volatilization in summer than in winter or spring, but the raw digestate was buried. 

Therefore, the emission factors were similar in both conditions. 

The total volatilization of the different treatments during the three years depended on emission factors 

and doses of applied TAN. The treatments with EOMs presented higher volatilization than mineral 

fertilizer (Figure 3.3.C). In CSM, RD, and LSD treatments, the summer volatilization accounted for 

51%, 40%, and 44% of total volatilization, respectively. 

Phase separation decreased volatilization: the proportion of volatilized TAN was 33% lower in LSD 

than in RD treatment. It was first explained by volatilization reduction in winter, mainly due to the faster 

infiltration of liquid digestate in the soil compared to raw digestate. There was also less TAN applied in 

summer with solid digestate compared to raw digestate, which is a period where emission factors were 

high. Total emission factors were similar for CSM and LSD treatments. However, because of the higher 

TAN input, total volatilization was 1.8 times higher in LSD than in CSM treatment.  

3.3.3 Agronomical performances in the different treatments  

Agronomical performances provided by the different treatments were assessed through crop yields and 

N uptake by crops (Figure 3.4). For each year, crop N uptake (aboveground organs) were strongly 

�F�R�U�U�H�O�D�W�H�G���W�R���J�U�D�L�Q���\�L�H�O�G�����3�H�D�U�V�R�Q�¶�V���U2 = 0.97 in 2017, r2 = 0.99 in 2018, r2 = 0.96 in 2019) as well as to 

grain N export (r2 = 0.93 in 2017, r2 = 0.99 in 2018, r2 = 0.90 in 2019) (data not shown). Because we did 

not assess the variability of the yield inside each plot, we could not assess if the crop yields were 

significantly different in the different treatments. However, we observed some tendencies. Excluding 

control treatment 0N, the highest yield and N uptake were always achieved in MN and LSD treatments, 

and the lowest yield and N uptake were always found in CSM and RD treatment (Figure 3.4.A and 

3.4.B). The highest and lowest yields differed from 15 to 20%. The wheat grain quality target is 10% of 

protein in the grain, enabling for higher valorization and better sale. In 2017, this goal was only achieved 

in RD and LSD treatments (higher TAN input), but not in LSD (lower TAN input) (Figure 3.4.C). In 

MN treatment, lower N inputs compared to RD and LSD treatments and the lack of a third fertilization 

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

of higher winter and spring mineral N inputs than in CSM, RD, and LSD treatments. 

The crop N export in the different fertilization systems was possibly influenced by the total applied N 

doses and the N availability in the fertilizers applied in winter and spring, and by possible effects of 

EOMs applied in summer. The investigation of surplus N uptake and mineral N supply enabled to 

differentiate these different effects. The of surplus N uptake and mineral N supply were well correlated 

(r2 = 0.84) (Figure 3.5.A). A first conclusion is that the mineral N supply in winter explained the crop N 

export, and therefore that the application of EOMs in summer had no detectable effects on crop N export 

between February and harvest. As a second conclusion, because the mineral N supply was mostly 

described by the N availability of EOM, our computation of the N availability in the EOMS reflected 

well their properties as N fertilizers. In other terms, the N availabilities in the EOMs were correctly 

described by their TAN content, ammonia volatilization, and mineralization of organic N. The mineral 

N supply was 30% lower than the surplus N uptake. Therefore, we were able to investigate the 

contribution of TAN content, volatilization, and mineralization of organic N to total N availability 

(Figure 3.5.B). TAN content was the major driver of the fertilizing properties of the fertilizer N 

availability. The TAN:TN ratio in cattle slurry were highly variable. The volatilization and N 

immobilization during slurry decomposition decreased the total N availability in the same order of 

magnitude. Volatilization significantly reduced the N availability of raw digestate. For liquid digestate, 

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

Therefore, volatilization and N mineralization had similar orders of magnitude. 

The NUE of the organic fertilizers were lower than the one of the synthetic fertilizers (Figure 3.5.C). 

The NUE of the cattle effluents were slightly higher than the NUE of the liquid digestate. The NUE of 

the raw digestate were lower than the one of liquid digestate and cattle slurry.  

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

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

digestate because of lower doses of applied N (cattle slurry) or lower N availability (raw digestate). We 

did not highlight any effect of the summer application of EOMs on SMN stocks in February (data not 

shown). It is possible that the summer application could have influenced the early growth of rapeseed; 

however, our experiment design cannot conclude on that point (Supplementary Material 7). 
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Figure 3.4: Agronomical performances during the field experiment. Error bars show measure 
uncertainty. A) Grain yield. B) N uptake by crop (aboveground organs), at harvest date. In 2017, 
uncertainty could not be computed due to no replication of N content measurement. The shown dotted 
error bars represent an estimated uncertainty with the same relative uncertainty in N content as for 
wheat in 2019. C) Protein content in wheat grain (2017 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 winter and spring. MN: Mineral N fertilizer. CS: 
Cattle slurry. RD: Raw digestate. LD: Liquid digestate. A) Correlation between surplus N uptake and 
the mineral N supply that were computed between February and harvest. Solid lines represent the best 
regression line passing through the origin. Dotted lines are 1:1 line. Error bars represent one measure 
�X�Q�F�H�U�W�D�L�Q�W�\���� �3�H�D�U�V�R�Q�¶�V�� �U2 was 0.84. B) Decomposition of fertilizer N availability into its three 
components, TAN:TN ratio, mineralization of the EOMs, and volatilization. For each treatment, the 
bars represent the N availability in 2017, 2018, and 2019, from left to right. C) Nitrogen Use Efficiency 
of the fertilizers in the different treatments. 

3.3.4 Evolution of soil mineral N stocks during the 3-year experiment 

In 2017, after wheat harvest and before drainage period in November, the SMN stocks were similar 

within the treatments, even after the application of EOMs in summer. This was interpreted by a non-

excessive fertilization of wheat and the early N uptake by rapeseed crop. During winter 2017/2018, the 

SMN decreased a little similarly in all the treatments. At the end of the drainage period in February 

2018, the SMN remained similar in all treatments (Figure 3.6). High nitrate leaching was unlikely. 

In July 2018, after rapeseed harvest, the SMN stocks were relatively high (Figure 3.6). After the 

application of organic fertilizer and before the drainage period, the SMN stocks increased in the 

fertilized treatment (CSM, RD, LSD). In RD and CSM treatments, the SMN increase was consistent 

with mineral N input from EOMs, lower volatilization than in the previous year, and N mineralization 
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from organic amendments. However, the observed SMN increase in LSD treatment was unexpectedly 

high and the N immobilization observed in controlled conditions unlikely occurred. During the winter 

drainage period between December 2018 and February 2019, the N absorption by wheat was likely low 

and the high decrease of SMN were likely explained by nitrate leaching.  

To conclude, the investigation of SMN stocks highlighted the absence of detectable effect of fertilizer 

application before rapeseed sowing, the leaching induced by fertilizer application before wheat sowing, 

and some inconsistency between the incubation of solid digestate in controlled conditions and the SMN 

stocks in the field. 

 

 

Figure 3.6: A) Soil mineral N (SMN) stocks (0-100cm), on the same x-scale as B) Crop management. 

Arrows indicate the fertilization dates in late winter and spring (light gray, MN, CSM, RD, and LSD 

treatment), and in summer (dark gray, CSM, RD, and LSD treatments).  

 

3.3.5 N2O emissions 

In all treatments, we observed a peak of N2O emission in spring during one month after application 

events (Figure 3.7). Emissions in both treatments using digestates (LSD and RD) were similar. The N2O 

emissions of cattle effluents (CSM treatment) were slightly lower. The use of synthetic fertilizers 

induced N2O emissions that were strongly higher in spring 2018 and similar than in other treatment, and 

were similar to the one of LSD and RD treatment in spring 2017 and spring 2019. In autumn, the N2O 

emission were low in all treatments. 
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We summed the emissions during the five periods following fertilizers applications (50 days each) 

(Figure 3.8). The surplus N2O emissions compared to 0N during the 250 measurement dates were 

0.67% ± 0.07%, 0.11% ± 0.03%, 0.22% ± 0.03%, and 0.21% ± 0.02% of total N applied for MN, CSM, 

RD, and LSD treatments, respectively. They also were 0.67% ± 0.06%, 0.38% ± 0.11%, 0.41 ± 0.05%, 

and 0.49% ± 0.06% of mineral N applied for MN, CSM, RD, and LSD treatments, respectively. The 

emissions were not measured during the whole year and therefore these percentages cannot be 

considered as emission factors. The EOMs (CSM, RD, and LSD treatments) had similar ratios of 

measured N2O emissions to mineral N input. The synthetic fertilizer (MN treatment) resulted in higher 

N2O emissions for similar mineral N input. Therefore, the cumulated N2O emissions were the highest 

on MN treatment (Figure 3.8). Cumulated N2O emissions were similar on RD and LSD treatments; they 

had the same order of magnitude as in the MN treatment. Cumulated N2O emissions were twice lower 

on CSM treatment, because of the lower dose of mineral N applied. The emissions in autumn after 

summer application only represented 7%, 34%, 19%, and 16% of total emissions for MN, CSM, RD, 

LSD treatment, respectively, although it represented 40% of measured time. 

We investigated the driver of the N2O emissions with a linear regression model. The best model 

(adjusted R² = 0.42) to explain the N2O emissions was: 

(equation 3.7) log(N2O) = -5.379 + 0.026 NH4+ + 0.154 NO3
- + 0.048 SWC + 0.048 T + 1.441 

FERTILIZED + 1.017 SEASON 

where log(N2O) was the logarithm of N2O emissions expressed in gN2O-N ha-1 day-1, NH4
+-N was the 

content of NH4
+ in the topsoil (mgNH4+-N kgDS-1) , NO3

--N was the content of NO3- in the topsoil 

(mgNO3
--N kgDS-1), SWC was the soil water content (%WFPS), T was the air temperature (°C), 

FERTILIZED was equal to 0 if the treatment was (0N) and 1 else, and SEASON was equal to 1 if the 

last application of fertilizer was in winter or spring, and 0 else. The model was better when using both 

soil NO3
- and NH4

+ contents instead of total mineral N content. All explanatory variables had a slope 

significantly different to 0 (p < 0.05). Date, treatment, and last fertilizer used were not selected in the 

model. 

The model confirmed and partly explained the previous observations. The contribution of autumn 

emissions to cumulated emissions were low: it was first attributed  to lower SWC in autumn than in 

spring, but also to slightly lower SMN in soil. During late winter and spring, we detected no effect of 

fertilizer type on EOM. The low N2O emissions in CSM treatment was induced by low SMN content.  
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Figure 3.7.A: N2O emissions, evolution of total mineral N and nitrate stocks in the upper soil layer (0 �± 
20 cm) and evolution of topsoil water content as expressed by the water filled pore space during wheat 
cropping season in 2017. In each subfigure, error bars show one standard error. All subfigures share 
the same x-axis (time): punctual N2O emissions, topsoil mineral N content, topsoil nitrate content, crops 
and fertilization dates, soil water content. Only for N2O emissions, at each date, a Kruskal-Wallis test 
followed by a post-�K�R�F���'�X�Q�Q�¶�V���W�H�V�W���Z�D�V���U�H�D�O�L�]�H�G���W�R���W�H�V�W���Z�K�H�W�K�H�U���W�K�H���H�P�L�V�V�L�R�Q�V���Z�H�U�H���V�L�J�Q�L�I�L�F�D�Q�W�O�\���G�L�I�I�H�U�H�Q�W��
from one another. When no difference were highlighted between treatments, no letters are drawn. When 
treatment are shown different by Kruskal-Wallis test (p-value < 0.05), letters are drawn for each 
�W�U�H�D�W�P�H�Q�W���D�Q�G���W�U�H�D�W�P�H�Q�W���V�K�D�U�L�Q�J���Q�R���O�H�W�W�H�U�V���D�U�H���V�L�J�Q�L�I�L�F�D�Q�W�O�\���G�L�I�I�H�U�H�Q�W�����'�X�Q�Q�¶�V���W�H�V�W�����S-value <0.05). The 
period that were considered for total emissions were highlighted in gray. 
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Figure 3.7.B: N2O emissions, topsoil mineral N 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: N2O emissions, topsoil mineral N content and water contents (wheat 2018-2019). See 
legend of Figure 3.7.A for more details. 
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3.3.1 Mineral N balance 

The mineral N balance in the soil showed a correct accuracy at the scale of the three cropping seasons. 

The difference between outputs and inputs of soil mineral N were -89 kgN ha-1 (13% of total inputs), 50 

kgN ha-1 (10 %), -5 kgN ha-1 (1 %) and 105 kgN ha-1 (15 %) in MN, CSM, RD, and LSD treatments, 

respectively (Figure 3.9). These imbalance were low relatively to uncertainties of measurement (N 

uptake, volatilization, leaching, mineralization from EOMs), and neglected processes (e.g., 

inhomogeneous crop residue mineralization and N2 and N2O losses). The mineral N fluxes in the soil 

were the highest with digestates (RD and LSD treatments), compared to CSM treatment. It induced 

higher N losses as well as higher agronomical performances in LSD treatments. The N losses (leaching 

and volatilization) were equivalent to 4 % of crop aerial N uptake in the MN treatment, which was lower 

than in CSM (18 %), RD (41 %), and LSD (34 %) treatments. 

 

 

Figure 3.8: Sum of the estimated N2O emissions. Fluxes represent 250 days of measurement for three 
years and did not represent the real absolute value of N2O emissions. Error bars show one standard 
error. 

 

 



  Chapitre 3 

119 
 

 

Figure 3.9: Mineral N balance in the field at the scale of the crop rotation during three cropping 
seasons. (I): Inputs, i.e. processes that supply mineral 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 (Table 3.4), indicating no supplementary soil organic 

nitrogen (SON) storage. In the treatment using organic fertilizers, there were more inputs than outputs 

of total N (Table 3.4). This balance was assumed to represent the input of organic N in soil during the 

rotation. This high input represented c.a. 10% of initial soil organic N stock (3.7 t ha-1
 on average), and 

reflected the potential contribution to soil organic matter from organic fertilization, so-called 

amendment properties of the EOM. Note that this corresponded to an input and not to a net storage, 

because the additional mineralization of SOM caused by these inputs was not considered. 

Simultaneously, we estimated the inputs of stable organic C in soil from the EOM based on their VS 

content and IROC value (Table 3.4). The input of stable C was lower in RD treatment than in CSM and 

LSD treatment, due to lower C inputs (no solid EOM). Manure and solid digestates represented 81% 

and 71% of total stored C for CSM and LSD treatment, respectively. It highlighted their higher 

amendment effect than liquid EOMs, even if liquid digestates stored more C than slurry. 
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Table 3.4: Total N balance in the field at the scale of the crop rotation during the three cropping seasons. 
Inputs include total N applied by fertilizers. Outputs include crop export, leaching, and volatilization. 
Inputs of C from EOMs come from application doses and analysis. The IROC were used to estimate the 
C incorporated to SOM. 

Flux of total N and C Treatment 

  MN CSM RD LSD 

Total N fluxes (kgN ha-1) 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 of 

input of N inside SOM 

9 290 372 384 

      

C fluxes (tC ha-1) Input of C 0 7389 4064 8455 

 Input of stable C: estimation of 

input of C inside SOM 

0 4770 2425 5205 

 

3.4 Discussion 

3.4.1 Digestates have higher fertilizer properties and similar amendment 

properties than undigested animal effluents  

Guilayn et al. (2019a) proposed a typology of digestates. Based on chemical characteristics, raw 

digestate fitted type 2 characteristics (Sewage sludge, biowastes, food agro industry residues, pig slurry). 

Our results confirmed that the large proportions of non-agricultural inputs like sewage sludge seemed 

to import high quantities of nutrients and to drive the digestate chemical characteristics more than slurry 

and manure incorporated at relatively low input doses. Therefore, when looking at the properties of the 

digestates, both effect of the digestion and of the import of nutrients have to be considered. The liquid 

and solid phases of digestate fitted well the expected typology associated with low-performance phase 

separation. According to the analysis of digestates, separation phase removed only 27% of DM content 

from the raw digestate. Despite the slightly lower DM content, the chemical characteristics of liquid 

digestate were similar to raw digestate. This is common for low efficiency separation phase 

(Guilayn et al., 2019b).  

With the exception of raw digestates, IROC value was consistent with the mineralized C during the 

incubations. The stable fraction of organic C of digestate were consistent with the one found by several 

authors (Alburquerque et al., 2012; Askri et al., 2016; Cavalli et al., 2017; de la Fuente et al., 2013; 

Nielsen et al., 2020). As liquid and solid phases come from raw digestate, we expected a degradation 

rate of raw digestate between solid and liquid digestates, as found by Askri et al. (2016). It was not the 



  Chapitre 3 

121 
 

case in our experiment, as well as in the study from Cavalli et al. (2017). Therefore, it was difficult to 

conclude if this was explained by a difference induced by the different sampling dates between raw and 

liquid digestate, or another explanation such as a change in liquid phase properties during storage. The 

application of slurry and liquid digestate to soil during the incubation in controlled conditions triggered 

a quick and important C mineralization, which was already reported in literature (Alburquerque et al., 

2012; de la Fuente et al., 2013; Iocoli et al., 2019; Risberg et al., 2017). Liquid digestate had a higher 

fraction of stable organic C than solid digestate, resulting in a higher IROC value for liquid digestate than 

raw and solid digestates. It suggests that the stable C from raw digestate remained preferentially in the 

liquid phase. In the literature, the liquid phase of different digestates had a higher (Askri et al., 2016), 

similar (Cavalli et al., 2017; Nielsen et al., 2020) or lower (de la Fuente et al., 2013) organic matter 

stability than the corresponding solid phase. 

In laboratory conditions, the mineralization of N varied during 50 days and stabilized after. This 

dynamics was similar to the one observed by Cavalli et al. (2017). We observed N mineralization after 

liquid digestate application but no N mineralization after raw digestate application to soil in controlled 

conditions. Observations varied in the literature. N mineralization (Tampio et al., 2016), no N 

mineralization (Cavalli et al., 2017), or N immobilization (de la Fuente et al., 2013) were observed 

during the incubations of liquid or raw digestates in the soil. Alburquerque et al. (2012) suggested that 

the less digestates caused C mineralization, the more they induced N-mineralization. Our digestate had 

a similar C-mineralization as the more stable digestate in the latter study, which is consistent with the 

observed N mineralization, on the contrary to other digestates that could exhibit N immobilization. 

Consistently to our results, Cavalli et al. (2017) observed immobilization following solid digestate 

application to soil, However, contrary to the present study, it was followed by mineralization. 

De la Fuente et al. (2013) also found N immobilization associated to solid digestate incubation. 

Chiyoka et al. (2014) showed N immobilization and N mineralization during solid digestate and solid 

manure incubation, respectively. In a more synthetic approach, Levavasseur et al. (2021a) highlighted 

the variability of the N behaviour following each type of EOMs. They highlighted a neutral N 

mineralization for digestates and bovine effluents on average. Our study was consistent with this result. 

We confirmed the different expected effects for solid and liquid EOMs. Here, solid digestates and 

manure were poor fertilizers, as their TAN content was low and because they did not induce N 

mineralization. However, they brought high amount of recalcitrant C in the soil. The stability of organic 

C in manure made it a slightly better amendment than solid digestate. On the contrary, the input of 

organic C with liquid EOMs was low. The fertilizing potential of slurry and liquid digestates were 

primarily explained by their TAN content. However, N mineralization increased the fertilizer potential 

of liquid digestate compared to slurry and raw digestate. 
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3.4.2 Assessing the N balance in a field experiment: limits and strength 

In this study, we compared different fertilization systems using full-scale machinery. We used a single 

large plot per treatment for this experiment, rather than classical bloc-designed experiment with smaller 

plots. We assumed that the main drivers in the different crop performances were the N supply by the 

fertilizer. The good correlation between the surplus crop N uptake and the N availability from the 

fertilizers partly verified this assumption. 

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

also avoided applying very high dose of liquid EOM that would not have been consistent with classical 

management. Consequently, the applied N doses differed among the treatments. N losses and crop N 

uptake therefore have to be interpreted in two ways. First, we compared the N fluxes relatively to the 

applied N, to compare the quality of the different EOMs. Then, it was also interesting to interpret the 

total N fluxes, to consider the fact that it is easier to apply high total N dose with digestates than cattle 

effluents.  

Despite these limits, thanks to numerous measurement of N fluxes, we were able to propose a consistent 

soil mineral N balance in the field at the scale of the rotation. This enables to better understand the 

effects of fertilization with digestates. In our study, the output of mineral N seemed underestimated. One 

possible explanation is the immobilization of more N due to crop residue degradation, or an 

underestimated nitrate leaching. On the contrary, the inputs of mineral N were lower than outputs in 

LSD and CSM treatments. Probable explanations could be the underestimation of manure and cattle 

slurry mineralization, or the overestimation of nitrate leaching.  

3.4.3 The use of exogenous organic matters influences N losses in the field 

Due to high N inputs, the use of digestates induced N losses (N2O, NH3, nitrate). Möller (2009) also 

highlighted the importance to reduce N losses to improve N efficiency of the different fertilization 

systems using digestates thanks to N cycle at the field scale. 

Ammonia emission is driven by temperature, wind speed, rainfall, application method, pH, TAN content 

(Hafner et al., 2019), but also crop height (Thorman et al., 2008) and infiltration in soil (Pedersen et al., 

2021). Our findings were consistent with this knowledge. Depending on meteorological conditions and 

variation in digestates characteristics, we measured highly variable ammonia emission factors ranging 

from 2% to 60% of TAN for liquid and raw digestates. This was consistent with previous measurement 

(Nicholson et al., 2017; Räbiger et al., 2020; Riva et al., 2016). The emissions factors for cattle manure 

and cattle slurry were consistent with the value reported in the ALFAM2 database (Hafner et al., 2018). 

For solid digestate, it was similar to that of cattle manure. Considering the high volatilization rate of 

solid digestate and despite their lower TAN content, we argue that these emissions should not be 

neglected, as it is sometimes done (Amon et al., 2006; Holly et al., 2017). To our knowledge, nobody 

else already published ammonia emission factors for solid digestate. The phase separation of digestate 
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decreased the ammonia emission factors and the total ammonia emissions, during the three years. The 

lower ammonia emissions from liquid digestate compared to raw digestate was attributed to higher 

infiltration rate. Such reduction of ammonia emission with phase separation was also found, but for 

undigested slurry (Amon et al., 2006; Nyord et al., 2012). The use of liquid and solid digestates induced 

similar ammonia emission factors than the use of cattle effluents. Digestates had sometimes lower and 

sometimes higher ammonia emission factors than undigested effluent in the literature (Möller, 2015). 

Due to the higher TAN applied, the use of digestate resulted in higher total ammonia losses. Digestate 

injection could be an efficient way to reduce volatilization and improve digestate N fertilizer efficiency  

when applied on grasslands, or before sowing of annual crops (Herr et al., 2019; Maris et al., 2021; 

Webb et al., 2010). However, for rapeseed and wheat, the digestate was mainly applied on the crop and 

other solution could be proposed to reduce volatilization, such as acidification (de França et al., 2021).  

N2O emissions peaked around 75 gN2O-N ha-1 day-1 in late winter and spring. This was consistent with 

measures reported in the literature, even if N2O fluxes were sometimes three to four times higher for 

digestates (Möller and Stinner, 2009; Nicholson et al., 2017; Verdi et al., 2019) or undigested effluents 

(Bell et al., 2015; Williams et al., 1999). We measured less emission in summer and autumn, often below 

10 gN2O-N ha-1 day-1, which was attributed to soil dryness. This was consistent with the findings of 

Pezzolla et al. (2012), who used digestates, and Parnaudeau et al. (2009), who used other EOMs. On the 

contrary, other studies measured higher emissions in autumn or summer compared to spring with animal 

effluents (Bell et al., 2015, 2016), which were explained by relative high rainfall and soil moisture. 

Using a linear model, we highlighted the effect of soil moisture, soil mineral N content, and temperature 

on N2O emissions, which were known as important variables explaining N2O emissions (Butterbach-

Bahl et al., 2013). We did not highlight any additional effect of the nature of the fertilizer. The type of 

digestate was also found as a minor factor to explain N2O emissions (Häfner et al., 2021). In our field 

conditions, the effect of SMN could have masked any quality effect of the different EOMs that have 

been reported in other studies (Charles et al., 2017). We did not find any effect of phase separation. On 

the contrary, Askri et al. (2016) and Möller (2015) observed that the phase separation of digestate 

decreased N2O emissions. One impact of fertilizer type was the form of mineral N applied, 

i.e. ammonium or nitrate. This likely influenced N2O emissions if the conditions favored N2O production 

through nitrification or denitrification. N2O emission was lower in CSM treatment than in other 

treatment, mainly due to lower N inputs (similar N2O emissions to applied TAN ratio to RD and LSD 

treatments). At the scale of the crop rotation, N2O emissions were similar in LSD, RD, and MN 

treatments. A higher amount of N2O from digestate compared to mineral fertilizers was found by 

Buchen-Tschiskale et al. (2020) and Köster et al. (2011). Other publications described a lower N2O 

emission with digestate than undigested slurry (Köster et al., 2015; Möller, 2015; Nkoa, 2014). The 

strong emission peak in spring 2018 in MN treatment occurred in a period with higher soil nitrate content 

than in other treatments. The soil moisture was very high, a condition where N2O emissions are usually 
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mainly attributed to denitrification than nitrification (Senbayram et al., 2009), and therefore the high 

soil nitrate content could have induced strong N2O emissions. In spring 2019, N2O emissions in MN 

treatment were not higher than other treatments, despite a higher nitrate content, similarly to 2018. 

However, the conditions may have been less favourable for denitrification in 2019 than in 2018. 

We found that applying EOMs in autumn before wheat sowing both promoted nitrate leaching and did 

not improve wheat yield, in accordance to Sieling et al. (1997). During the crop rotation, estimated 

leaching represented 1%, 3%, 2%, and 8 % of total N inputs for MN, CSM, RD, and LSD treatments, 

respectively. This was lower than measure by Nicholson et al. (2017), who estimated a leaching 

representing 15% of total N for slurry or digestate applications. It was consistent with the modelling 

from Räbiger et al. (2020), who estimated a leaching of 5 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 grow crops in 

field conditions 

The application of EOMs had to occur when the soil was dry enough to prevent soil compaction due to 

heavy spreading engine, adding a constraint on fertilization date. Doses could be less easily fractionated, 

and no third fertilization occurred on wheat (but in 2019 for MN and CSM), as it is classically 

recommended to improve protein content in grain. The use of combined digestate and mineral fertilizers 

at different dates could solve this problem, as already proposed (de França et al., 2021; Odlare et al., 

2014). We observed a slightly higher NUE for cattle slurry than for liquid digestate. It was mostly 

attributed to its slightly higher TAN:TN ratio. However, because of their respective TN content, it should 

be easier to apply the right dose of N with digestates than with slurry, and therefore to achieve the 

targeted yields. These results are similar to the study from Baral et al. (2017) on barley. The NUE of 

raw digestate was slightly lower, due to higher volatilization. 

In this study, we estimated the NUE of cattle slurry and digestate. The repetition of EOM application in 

spring and in summer possibly affects NUE. Estimated NUE ranged from 22% to 41% of N applied for 

raw digestate, and 37%  to 57% for liquid digestate. The NUE of the raw digestate was consistent with 

the NUE of raw digestates measured on barley by Thomas et al. (2017) and Baral et al. (2017) (19% and 

37%). We did not find NUE digestates on rapeseed in the literature. 

We here explained crop yield only with fertilizer inputs, without considering amendment application in 

autumn. It is possible that the application in summer before rapeseed could have improved early 

rapeseed growth in RD treatment, and, to a lesser degree, in LSD and CSM treatments, but this effect 

was not highlighted. The rapeseed N uptake in CSM treatment was higher than expected, which could 

also be an effect of manure application in late summer before sowing. 
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The TAN content of digestates is often used as a proxy of their fertilizer efficiency (de França et al., 

2021; Iocoli et al., 2019; Tampio et al., 2016). However, it is a simplified understanding of the fertilizer 

potential of digestate which could also be influenced by ammonia emissions and the mineralization of 

digestate organic nitrogen (Möller and Müller, 2012). Ammonia volatilization could decrease its 

fertilizer efficiency (Frost et al., 1990; Quakernack et al., 2012), whereas the mineralization of organic 

N in digestate could increase N supply for crops (Abubaker et al., 2012; Cavalli et al., 2017) and could 

make digestate efficient EOMs for N fertilization in the short-term. The potential of digestate to fertilize 

crops was often investigated without consideration of volatilization or mineralization. Here, we 

highlighted the importance of these two processes to describe digestate fertilizer potential. TAN content 

was the main factor driving fertilizer efficiency, followed by volatilization and then 

mineralization/immobilization. A lower volatilization and a higher mineralization explained the better 

agronomical results in LSD treatment compared to RD treatment. It also implied that reducing 

volatilization could have both environmental and agronomical benefits. 

We found a good correlation between the estimated mineral N supply that included data from the 

incubations, and N uptake. Cavalli et al. (2017) also showed a good correlation of N availability 

calculated from incubation or field experiment. The evolution of mineral N stocks in soils during autumn 

and winter was consistent with incubation results of raw digestate and manure, which highlighted limited 

mineralization of organic N. However, the N immobilization during solid digestate incubation was not 

observed in the field with both high N uptake in late winter by rapeseed, and high increase of SMN 

stocks during autumn and early wheat growth. This result was unexpected, because of the use of the 

same soil, and the use of fresh digestate in the incubation. SMN were high, and did not inhibit the 

decomposition of solid digestate. One explanation could be that during autumn, the soil is less moist 

than during incubation, and therefore would have limited the decomposition. 

The use of EOMs instead of mineral fertilizers induced higher total N input in the field. The main results 

was the probable SOM storage. However, such effect should be studied at a longer-term than our 

experiment (Bhogal et al., 2018). 

3.5 Conclusion 
We presented here the results of a three years field experiment using different fertilization strategies 

with cattle effluent, digestates, or synthetic N fertilizers. The main N flows in the field were investigated, 

and we were able to estimate a consistent soil mineral N balance at the scale of the crop rotation, 

highlighting a good understanding of mineral N fluxes at the field scale. The use of digestates induced 

similar N2O emission factors as cattle effluents. Concerning the liquid EOMs, slurry and liquid digestate 

had similar NH3 emission factors. The NH3 emission factor of raw digestates was higher. The NH3 

volatilization after application of solid EOMs were significant at the scale of the three years. The liquid 

EOMs were efficient N fertilizer. Their NUE were well explained by TAN content, ammonia emissions, 
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and then mineralization of EOMs. Liquid digestate and slurry had similar NUE. The NUE of raw 

digestate was lower, due to higher volatilization. We did not find any effect of EOM applied in summer 

on rapeseed or wheat yield. The application of EOM in summer before sowing wheat induced nitrate 

leaching. However, the use of solid EOMs likely provided high input of organic matter in the soil. In 

practice, because of higher TAN contents, the use of digestates induced higher input of mineral N in the 

soil. Therefore, we were able to reach similar yields using digestate compared to mineral fertilizers, as 

well as to bring organic matter in the soil. In the same time, the N2O emissions were similar and the 

ammonia emissions were higher when we used digestates instead of mineral fertilizers. Phase separation 

decreased ammonia volatilization, and improved agronomical performance of digestates. The use of 

slurry as N fertilizer did not enable to achieve similar yields. AD transforms the organic fertilizers, but 

also imports nutrient via external co-substrates. Therefore, the real impact of the introduction of AD in 

a dairy farm should be realized at the farm scale, to consider the change of treatment, quality, and 

quantity of the EOMs.  
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Chapitre 4  

Conséquences de la méthanisation des effluents 

�G�¶�p�O�H�Y�D�J�H���V�X�U���O�H�V���I�O�X�[���G�¶�D�]�R�W�H���O�R�U�V���G�¶�X�Q�H���U�R�W�D�W�L�R�Q��

culturale de 3 ans : évaluation du modèle sol-plante 

STICS 
 

Lors du Chapitre 3, nous avons étudié, dans un essai au champ original, les effets de �O�¶�p�S�D�Q�G�D�J�H���G�H�V��

�G�L�J�H�V�W�D�W�V���D�X���F�K�D�P�S���V�X�U���O�H���F�\�F�O�H���G�H���O�¶�D�]�R�W�H�����&�H���W�\�S�H���G�¶�p�W�X�G�H���S�D�U�W�L�F�L�S�H���j�� �O�¶�D�F�T�X�L�V�L�W�L�R�Q���G�H���U�p�I�p�U�H�Q�F�H�V���V�X�U��

�O�¶�X�W�L�O�L�V�D�W�L�R�Q���D�J�U�R�Q�R�P�L�T�X�H���G�H�V���G�L�J�H�V�W�D�W�V���H�W���j���O�D���P�H�L�O�O�H�X�U�H���F�R�P�S�U�p�K�H�Q�V�L�R�Q���G�H���O�H�X�U�V���H�I�I�H�W�V, en étudiant tous 

les impacts associés liés aux flux �G�¶�D�]�R�W�H�����1�p�D�Q�P�R�L�Q�V�����L�O���V�¶�D�J�L�W���G�¶�X�Q���F�D�V���G�¶�p�W�X�G�H�����G�R�Q�W���O�H�V���U�p�V�X�Otats ne 

peuvent être généralisés sans précaution. La modélisation des systèmes sol-plante est un outil qui peut 

être utilisé pour évaluer des pratiques agricoles, après une étape nécessaire de validation de ses capacités 

de prédiction. Ce Chapitre 4 a pour but de valider la capacité du modèle de culture STICS à prédire les 

�U�p�V�X�O�W�D�W�V���D�J�U�R�Q�R�P�L�T�X�H�V���H�W���O�H�V���L�P�S�D�F�W�V���H�Q�Y�L�U�R�Q�Q�H�P�H�Q�W�D�X�[���P�H�V�X�U�p�V���V�X�U���O�¶�H�V�V�D�L���S�U�p�V�H�Q�W�p���D�X���&�K�D�S�L�W�U�H������ 

Ce chapitre évalue, entre autre, le module de volatilisation �G�¶�D�P�P�R�Q�L�D�F��des PRO de STICS. Ce travail 

�D���S�H�U�P�L�V���G�H���G�¶�L�V�R�O�H�U���H�W���G�H���I�D�L�U�H���U�H�P�R�Q�W�H�U �j���O�¶�p�T�X�L�S�H���G�H���G�p�Y�H�O�R�S�S�H�P�H�Q�W���G�H���6�7�,�&�6 un bug dans ce module. 

Au moment de la soumission du manuscrit de thèse, ce bug �Y�H�Q�D�L�W�� �G�¶�r�W�U�H�� �Y�D�O�Ldé et était en cours de 

correction : la volatilisation comptée comme journalière serait en fait horaire. La performance de STICS 

�j���S�U�p�G�L�U�H���O�D���Y�R�O�D�W�L�O�L�V�D�W�L�R�Q���G�¶�D�P�P�R�Q�L�D�F���G�H�V���3�5�2���G�H�Y�U�D���G�R�Q�F���r�W�U�H���P�L�V���H�Q���U�H�J�D�U�G���G�H���F�H���I�D�L�W�����1�p�D�Q�P�R�L�Q�V�����O�D��

démarche de la thèse res�W�H�� �Y�D�O�L�G�H���� �H�W�� �S�H�U�P�H�W�� �P�r�P�H�� �G�H�� �V�R�X�O�L�J�Q�H�U�� �O�¶�L�P�S�R�U�W�D�Q�F�H�� �G�H�� �O�D�� �Y�D�O�L�G�D�W�L�R�Q�� �G�H�V��

modèles. 

�/�H���&�K�D�S�L�W�U�H�������H�V�W���p�F�U�L�W���V�R�X�V���O�D���I�R�U�P�H���G�¶�X�Q�H���S�X�E�O�L�F�D�W�L�R�Q���V�F�L�H�Q�W�L�I�L�T�X�H�����T�X�L���D���Y�R�F�D�W�L�R�Q���j���r�W�U�H���V�R�X�P�L�V�H���G�D�Q�V��

une revue scientifique après adaptation. Le cas échéant, la version corrigée de STICS sera évaluée dans 

la publication. 
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Abstract 
The short-term and long-term impacts of anaerobic digestate application in the field as organic fertilizer 

need to be further characterized. Soil-crop models are an interesting tool to evaluate cropping practices. 

We tested the capacity of the STICS soil-crop model to predict crop growth as well as soil mineral N 

content and ammonia volatilization during a three-year arable crop rotation (France) with five 

fertilization systems: no fertilization, chemical N fertilizers, undigested cattle effluents (slurry and 

farmyard manure), raw digestate, or solid and liquid digestates. The C and N mineralization from organic 

fertilizers were parametrized from laboratory incubation of soil �± organic fertilizer mixtures under 

controlled conditions. Two models predicting ammonia volatilization after organic fertilizer applications 

were compared: STICS, and ALFAM2 (for slurry, liquid and raw digestates) associated with emission 

factors (for manure, solid digestates). The ALFAM2 model coupled with emission factors performed 

better (rRMSE = 70%) than the STICS volatilization submodule (rRMSE = 109%). STICS predicted 

crop yield and N content at harvest and soil mineral N with similar accuracy than for other systems 

without digestates (e.g., rRMSE = 83%, 15%, and 25% for topsoil mineral N content, grain yield, and 

N uptake, respectively). STICS was sensitive to the ammoniacal N content of the organic fertilizers. The 

simulations confirmed and completed the results from the observations: the use of digestates instead of 

cattle effluents increased total N input, leading to higher crop exports, higher N losses, and similar soil 

organic N storage. STICS can be used to simulate other scenarios using digestate as fertilizers. 

Keywords 

Anaerobic digestion; Exogenous Organic Matters; soil-crop model; STICS; ALFAM2; ammonia. 
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4.1 Introduction 
Exogenous organic matters (EOMs) are organic wastes or by-products (e.g., animal effluents) issued 

from human activities that are applied on cropped soils. Some EOMs such as animal slurries can 

efficiently substitute synthetic N fertilizers, because of their input of ammoniacal N readily available 

for plant at a very short-term and because of the possible release of mineral N during EOM degradation 

(Bhogal et al., 2016; Gutser et al., 2005). They are used as organic fertilizers. Other EOMs (e.g. farmyard 

manures) have higher organic matter contents. In the long term, the repeated applications of such EOMs 

on soils promote soil organic matter (SOM) storage, which is often associated with an increase in 

physical soil fertility and nutrients release (Bhogal et al., 2018; Diacono and Montemurro, 2010; 

Edmeades, 2003; Haynes and Naidu, 1998). They are used as soil amendments. On the other side, the 

use of EOMs is subjected to environmental risks, such as ammonia (NH3) volatilization (Minoli et al., 

2015; Sommer and Hutchings, 2001), N2O emissions (Charles et al., 2017; Zhou et al., 2017) or nitrate 

leaching (Basso and Ritchie, 2005).  

Anaerobic digestion of livestock effluents and biowastes has been promoted in many places in the world 

including Europe (Scarlat et al., 2018), as a way to produce biogas, a renewable source of energy, and 

as a way to recycle the nutrients from unvalued wastes. The introduction of anaerobic digestion in a 

farm induces the substitution of animal effluents by the residual digested organic matters, named 

digestates, which are seen as valuable EOMs (Case et al., 2017). Digestates are increasingly being used 

in the field (Stürmer et al., 2020). They have different properties than the undigested effluents and are 

thus associated with different advantages or risks. 

During anaerobic digestion, the organic matter is degraded and a fraction of the initial organic C is 

exported through biogas. Therefore, digestates have a lower dry matter (DM) and volatile solid (VS) 

contents, a lower C:N ratio and a higher total ammoniac N (TAN) content compared to undigested 

effluent (Möller and Müller, 2012). Digestates have  their organic matter more recalcitrant than 

undigested effluents (Möller, 2015). Animal effluents are often co-digested with external wastes. 

Depending on the characteristics of the digested effluents and co-substrates, digestates can have very 

diverse properties and nutrient contents (Beggio et al., 2019; Guilayn et al., 2019a; Stürmer et al., 2020). 

Digestates can also be post-treated, which influence its characteristics. In particular, digestate can be 

treated with a phase separation. The resulting liquid phase, named �³liquid digestate� ,́ has good fertilizer 

properties (e.g., high TAN content). The solid phase, named �³solid digestate� ,́ has good amendment 

properties (high VS contents) (Guilayn et al., 2019b). Digestates (raw or liquid) are usually efficient N 

fertilizers  ���%�D�U�á�y�J���H�W���D�O�������������������&�D�Y�D�O�O�L���H�W���D�O������2016; Ferdous et al., 2020), partly due to high TAN content. 

The mineral N release after digestate decomposition  in the soil can increase the fertilizing properties of 

digestates, while ammonia volatilization may decrease fertilizing properties (Möller and Müller, 2012). 

Indeed, because of the high TAN and high pH, raw or liquid digestates are sensitive to ammonia 
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volatilization (Nkoa, 2014; Räbiger et al., 2020; Riva et al., 2016). The digestates are often more 

sensitive to ammonia volatilization compared to undigested effluents (Nicholson et al., 2017; Nyord et 

al., 2012), even if the contrary was also found due to a faster infiltration into the soil (Möller, 2015; 

Neerackal et al., 2015). Field N2O emissions from digestate could be lower than the one from undigested 

effluent, even if this can vary from one study to another (Möller, 2015). Apart from environmental 

conditions, the origin of the digestate could be a second-order factor to explain N2O emissions (Häfner 

et al., 2021). 

A few short-term studies argued that digestate could improve soil physical fertility compared to 

unamended soils (Badagliacca et al., 2020; Möller, 2015). However, few studies with mid- to long-term 

digestate application (e.g. five years or more) are reported. In a 8-year field experiment, Odlare et al. 

(2014) found a similar positive effects of digestate on SOM compared to other EOMs. Zicker et al. 

(2020) described a field experiment where digestate or slurry were applied in the field during 6 years. 

They measured a similar increase in SOM content in both treatments. Digestate led to higher risks of P 

losses, and a slightly lower soil pH compared to slurry. Wentzel et al. (2015) investigated farms using 

slurry or digestate for more than 15 years, and found no difference in soil quality when they were 

fertilized with one EOM or the other. Considering the numerous combinations of types of digestates, 

agricultural practices associated to their use, and environmental conditions of fertilized fields, the long-

term amendment efficiency of digestates (potential C storage in soil after repeated applications of 

digestate) has not been well characterized and we cannot conclude on the better amendment properties 

of digestates compared to undigested effluents.  

Recently, a 3-year field experiment was designed to explore the integrated effect of fertilizing a crop 

succession with digestates instead of untreated cattle effluent on the N cycle in the field (Chapter 3). 

The study showed that the use of digestates was associated to higher N applications in the field, inducing 

higher yields together with higher N losses (NH3, N2O) compared to undigested cattle effluents. Such 

study was limited to describe some N fluxes that are difficult to assess (N2O emissions, nitrate leaching), 

and did not allow to compare the amendment properties of EOMs due to the relatively short-term scale. 

The use of modelling can be useful to generalize and deepen results obtained from former field 

experiments using digestates as fertilizers. The use of modelling can help to estimate variables that are 

difficult to measure: for example, Räbiger et al. (2020) used a model to estimate nitrate leaching 

occurring in fields fertilized with digestates. Modelling can also simulate the effect of a practice on the 

long term: as a second example, Bodilis et al. (2015) evaluated the long-term SOM storage induced by 

repeated applications of digestates.  

STICS (Simulateur mulTIdisciplinaire pour des Cultures Standard) is a common one-dimensional crop 

and soil model running at the daily time step (Brisson et al., 2008). It has been designed to predict crop 

growth and soil characteristics (water, N, and C contents) under different soil and climatic conditions, 
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as well as different crop managements (e.g. tillage, fertilization, irrigation). STICS simulates various 

processes from soil C and N cycles: soil C and N mineralization, nitrate leaching, ammonia 

volatilization, N2O emissions, and soil organic carbon (SOC) storage. It has been already extensively 

used to evaluate the environmental performances of diverse cropping systems such as nitrate leaching 

at a territorial scale (Jégo et al., 2012), N leaching reduction induced by catch crops (Constantin et al., 

2015), N losses induced by the use of legumes (Plaza-Bonilla et al., 2018a), greenhouse gas emissions 

in different cropping systems (Autret et al., 2020), or potential C storage at the French national scale 

(Launay et al., 2021). 

STICS has been able to simulate multiple arable crops in a variety of pedoclimatic conditions 

(Coucheney et al., 2015), in a comparable way than other soil-crop models (Sansoulet et al., 2014; 

Yin et al., 2020). With a new EOM mineralization submodule, STICS has been also able to simulate 

crop yields and SOC storage in a 20 years long experiment using organic amendments (urban composts 

and manure) (Levavasseur et al., 2021b). However, it would be interesting to evaluate the ability of 

STICS to simulate cropping systems that strongly rely on the use of organic fertilizers such as digestates. 

We can also wonder if STICS is sensitive enough to represent the difference between undigested slurry 

and digestate. In such case, STICS could be used to simulate crop rotations to quantify the effects of the 

introduction of anaerobic digestion in a crop livestock farm. 

Therefore, we propose here to evaluate the ability of the soil-crop model STICS at simulating the 3-year 

field experiment described in Chapter 3, which compared the N cycle in crop succession with different 

fertilization systems based on digestates or undigested effluents. This presented work addresses three 

objectives. First, we aimed to evaluate two submodules of STICS related to digestate behavior in soil 

(the EOM mineralization and ammonia volatilization submodules) and to quantify the influence of the 

parametrization of those submodules on the other outputs of STICS. Then, we aimed to evaluate the 

ability of STICS model to simulate the crop and soil variables in crop rotations based on organic 

fertilizers. At last, we aimed at highlighting the advantages of the use of a crop model to estimate 

indicators such as N2O emissions, nitrate leaching, and SOM storage that are difficult 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 crop-livestock farm, at Nouzilly, Centre-Val-de-Loire, 

France �������ƒ�����¶���1�������ƒ�����¶���(�������I�U�R�P the 1st of September 2016 to the 31st of July 2019 (Pasquier et al., 

2019). The climate is temperate oceanic, with an average annual mean temperature of 11.9 °C and annual 

total rainfall of 650 mm. The soil is mainly a Stagnic Luvisol, with a minor surface described as a Haplic 

Planosol (WRB, 2015), with an average depth of 100 cm.  It was a silty loamy soil with the following 
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characteristics in the upper horizon (0-20 cm) (mean ± standard deviation): 17% ± 3% clay, 

63% ± 5% silt, 20% ± 5% sand, pH 6.4 ± 0.3, 23.8 ± 2.3 g kg-1 SOM, C:N ratio 10.2 ± 0.2, CaCO3 

content 1.4 ± 0.3 g kg-1, bulk density 1.37 g cm-3.  

The crop rotation was winter wheat (Triticum aestivum) (2016/2017), rapeseed (Brassica napus) 

(2017/2018), and winter wheat (2018/2019), with conventional management (ploughing at 20 cm, use 

of crop protection products) and with wheat straw removed. The goal of the experiment was to 

characterize the N cycle under different fertilization systems. The treatments were tested in plots of 24 

x 75 m each. The five treatments consisted of (MN) fertilization with only Urea Ammonium Nitrate 

(UAN) solution at the end of winter or early spring, and chemical P fertilizer when needed; (CSM) 

application of solid bovine manure in summer and liquid cattle slurry in late winter or early spring; (RD) 

application of raw digestate in summer and in late winter or early spring; (LSD) application of solid 

digestate in summer and liquid digestate in late winter or early spring; and (0N) no fertilization.  

The used EOMs were either undigested dairy cattle effluents, or digestates. The raw digestate came from 

a local anaerobic digester (continuous stirred tank reactor, mesophilic process) that treated 7,500 t of 

wastes per year (cattle slurry 11%, manures 17%, sewage sludge 29%, agroindustrial wastes 18%, grease 

8%, cereal middlings 8 %, water runoff 9%, minor others). The raw digestate was post-treated by phase 

separation (screw press) to obtain liquid digestate and solid digestate. 

UAN solution (MN treatment), cattle slurry (CSM treatment), raw digestate (RD treatment), and liquid 

digestate (LSD treatment) were applied at the end of winter or early spring, twice on wheat and once on 

rapeseed (Table 4.1). Their doses of application were calculated to provide similar available mineral N 

to crops as mineral fertilizer. Cattle manure, raw digestate, and solid digestate were applied in late 

summer before crop sowing (once in 2017 before rapeseed and once in 2018 before wheat) (Table 4.1). 

The objective was mainly to bring organic matter in the field to improve soil fertility at a longer-term.  
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Table 4.1 �± Average characteristics of EOM during the three years, and application doses. Characteristics are presented as mean ± standard deviation.  

Treatment EOM or 

fertilizer 

DM 

(%FW) 

pH VS 

(g kg-1FW) 

C:Ntotal TN 

(g kg-1FW) 

TAN 

(g kg-1FW) 

Period of 

application 

Average 

dose 

(t ha-1) 

Nmineral applied 

(Ntotal applied) 

during 3 years 

(kgN ha-1) 

MN UAN solution       winter/spring  389 (389) 

CSM Cattle slurry 4.6 ± 3.7 7.4 ± 0.5 24 ± 20 5.2 ± 2.2 2.3 ± 1.0 1.1 ± 0.5 winter/spring 33 193 (315) 

CSM Cattle manure 30.8 ± 3.9 9.7 ± 0.3 253 ± 17 15.3 ± 1.8 7.4 ± 1.5 0.7 ± 0.2 summer 24 30 (381) 

RD Raw digestate 6.7 ± 1.0 8.0 ± 0.1 45 ± 4 4.9 ± 0.4 5.1 ± 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 29 ± 6 3.3 ± 0.2 4.4 ± 0.7 2.4 ± 0.5 winter/spring 29 330 (630) 

LSD Solid digestate 25.5 ± 4.5 9.3 ± 0.1 232 ± 52 17.8 ± 5.4 6.6 ± 0.4 1.8 ± 0.5 summer 25 71 (317) 

FW : fresh weight.
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Total aerial and grain biomass and their N content were measured at harvesting for each crop. Climatic 

data were followed with an on-site meteorological station, completed with daily data from Météo-France 

(SAFRAN). The topsoil water content, and topsoil mineral N content (0-20 cm) were assessed on 45 

dates during the three years, with time intervals from three days (after EOMs or fertilizer applications) 

to one month. Soil water content (SWC) was continuously monitored during the third year of the 

experiment using time-domain reflectometry (TDR) moisture sensors at depth 15 cm, 35 (or 45) cm, 

and 75 cm, at two locations. The mean volumetric humidity from the sensors were used to estimate the 

water content (in mm) in the 0 �± 25 cm, 25 �± 60 cm, and 60 �± 100 cm horizons. Soil mineral nitrogen 

stocks (SMN) on the whole soil profile (0 �± 20 cm, 20 �± 40 cm, 40 �± 70 cm, 70 �± 100 cm) were measured 

7 times in three years: in early winter before drainage, at the end of winter after drainage, after 

harvesting. Ammonia volatilization was measured after each application event with passive samplers 

and reverse modelling (Carozzi et al., 2013b; Loubet et al., 2010). The N2O emissions were measured 

on 39 dates with manual static closed chambers, at the same dates than topsoil water content and topsoil 

mineral N content. 

The EOMs were sampled and analyzed at each spreading date: DM, TAN, Total N (TN), VS, pH 

(Table 4.1). The EOMs were also incubated in soil in laboratory controlled conditions: mixture of sieved 

soil and fresh EOMs were incubated during 6 months at 28°C with optimal SWC and SMN conditions, 

to measure the kinetics of C and N mineralization induced by their decomposition. 

More details about field experiment monitoring, and EOMs 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 simulate the field experiment in Nouzilly. Input 

meteorological data, soil data (soil depth, bulk density, texture, CaCO3, C:N, SOM, pH), initial 

conditions (SWC, SMN), and crop management (date and depth of tillage, date and density of sowing, 

date and dose of fertilizer applications, characteristics of fertilizers, date of harvest) came from field 

experiment monitoring (Chapter 3). The characteristics of EOM included C content, C:Norg ratio 

(organic C : Norg), TAN content, DM content. The soil water contents (SWC) at field capacity and at 

wilting point were estimated for each horizons (0 cm �± 20 cm, 20 cm �± 40 cm, 40 cm �± 70 cm, 70 cm �± 

100 cm) from the highest and lowest SWC measured by TDR moisture sensor during the cropping 

season, as suggested in STICS documentation (Supplementary Material 1). Other soil parameters were 

fixed from soil characteristics as proposed in Brisson et al. (2008).  

Some soil parameters (the maximal soil depth affected by soil evaporation and a parameter defining the 

soil contribution to evaporation versus depth) were adjusted to improve soil water content prevision in 

the (MN) and (0N) treatments. The density of volunteer rapeseed were also adjusted by hand to improve 

topsoil mineral N modelling on (MN) and (0N) treatments. We selected the crop cultivars that provided 

the most accurately simulated yields and plant N uptake for each year on (MN) and (0N) treatments. 
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The other parameters (including plant parameters) were kept at their default values, to preserve model 

consistency. 

Additionally, the simulation of EOMs required to calibrate the EOM mineralization submodule 

(section 4.2.3), and to investigate the ammonia volatilization model (section 4.2.4). 

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: inert SOM, and active SOM. Inert SOM (c.a. 65% of 

SOM) is assumed to not evolve with the time at the scale of few decades. The active SOM decomposition 

is modelled by a first-order kinetics (constant Ka). Ka depends on topsoil CaCO3 and clay contents, and 

is influenced by soil temperature and moisture. 

STICS includes a submodule to simulate the dynamics of evolution of organic C and N from EOMs and 

crop residues. For crop residues, the submodule represents the applied organic product within one pool 

of organic matter, as described in Justes et al. (2009). For EOM, a new submodule has been proposed 

recently by Levavasseur et al. (2021b, 2021a) to improve the simulation of the kinetics of C and N 

release from EOMs. The submodule uses eight parameters to describe EOM degradation. 

Levavasseur et al. (2021a) proposed default sets of parameters for different EOMs, but also argued that 

the use of the incubations of EOM in soil in controlled conditions could improve the simulation of EOM 

decomposition. Therefore, we compared two sets of parameters for each EOM, to evaluate the 

consequences of the calibration from laboratory incubations. The first set of parameters, named 

(EOM_cal), was obtained with the calibration of four parameters, using the incubation of EOM in soil 

in controlled conditions, similarly to Levavasseur et al. (2021a). The second set of parameters, named 

(EOM_def), was a default set of parameters only depending on the type of EOM (Levavasseur et al., 

2021a).  

The submodule that simulates the dynamics of organic C and N in soils considers two organic pools for 

EOMs, i.e. a labile organic fraction and a recalcitrant organic fraction (Supplementary Material 2). The 

proportion of labile organic C (RES1) is defined for each EOM. The repartition of organic N in both 

pools is defined by the parameter aCN1, which is the ratio between C:Norg  ratio (organic N) from labile 

pool of organic matter and total C:Norg ratio from the EOM. The labile organic fraction is degraded 

following a first-order kinetics (constant of degradation Kres1). The degraded carbon is either 

incorporated into a pool of zymogenous microbial biomass (proportion Y), or released in the atmosphere 

as CO2. The pool of zymogenous microbial biomass is also degraded following a first order kinetics 

(constant Kbio) and the C is either incorporated inside the SOM (proportion H), or released in the 

atmosphere as CO2. The N from the EOM labile fraction is first incorporated into zymogenous microbial 

biomass, then to SOM following C fluxes. Exchanges of N between zymogenous microbial biomass and 

SMN can occur to respect the constraints of C:N ratios of zymogenous microbial biomass (CNbio) and 
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SOM. The recalcitrant fraction is also degraded following a first order kinetics (constant Kres2), with C 

entirely released as CO2 and N mineralized. Finally, each EOM was parametrized using eight 

parameters: RES1, aCN1, Kres1, Y, Kbio, H, CNbio, and Kres2.  Values of H, Kbio, CNbio were fixed and constant 

for all EOM. Kres2 was set to be equal to Ka. 

The calibration of the parameters in the (EOM_cal) set was realized independently from the whole 

STICS model, using only the EOM mineralization submodule and the incubations of EOMs in soil. It 

was realized in three steps with the R software (R Core Team, 2020), similarly to Levavasseur et al. 

(2021a). On the first step, Ka was calibrated using kinetics of C and N mineralization during soil 

�L�Q�F�X�E�D�W�L�R�Q�V���Z�L�W�K�R�X�W���(�2�0�����7�K�H���R�S�W�L�P�L�]�D�W�L�R�Q���X�V�H�G���W�K�H���R�S�W�L�P���I�X�Q�F�W�L�R�Q���Z�L�W�K���W�K�H���³�%�U�H�Q�W�´���P�H�W�K�Rd (Brent, 

1973) (Supplementary Material 2). On the second step, the other parameters of the EOM submodel 

(RES1, aCN1, Kres1, Y) �Z�H�U�H���F�D�O�L�E�U�D�W�H�G���X�V�L�Q�J���W�K�H���³�R�S�W�L�P�´���I�X�Q�F�W�L�R�Q���Z�L�W�K���W�K�H���³�/-BFGS-�%�´���P�H�W�K�R�G�����%�\�U�G���H�W��

al., 1995), which use lower and upper bounds for each parameter. These bounds were chosen according 

to Levavasseur et al. (2021a) and are described in Supplementary Material 2. The calibration parameters 

minimized the sum of RMSE (root mean squared error, section 4.2.6) of mineralized C (% of added 

organic C with EOM) and RMSE of mineralized N (% of added organic N with EOM), as described in 

Justes et al. (2009).  Once calibrated, the found values of RES1, aCN1, Kres1, Y were used in the general 

STICS model. 

4.2.4 Simulation of ammonia volatili zation after EOM application using 

STICS or ALFAM2 

STICS uses a semi-empirical submodule to simulate ammonia (NH3) volatilization. Briefly, the model 

considers two pools of ammoniacal N, one that is close to the surface and can be volatilized, and one 

that cannot. The proportion of ammonium within each pool depends on the DM content of EOM and 

recent soil tillage: the more liquid the EOM is, the faster it infiltrates the soil, and infiltration decreases 

volatilization. The pH of surface soil changes just after EOM application, assuming that all EOMs have 

a pH equal to 8.6, because the pH of EOM is not an input of STICS model. The pH then regularly return 

to its original value at a rate proportional to NH3 volatilization. Then, the equilibrium between three 

ammoniacal forms (NH4+ in aqueous phase, NH3 in aqueous phase, NH3 in gaseous phase) is calculated 

using the equilibria equations, whose constants of equilibrium depend on soil temperature, SWC, bulk 

density, and soil pH. Volatilization is computed with a resistive approach, aerodynamical resistances 

depend among others on wind speed and crop development. Emission is stopped after a tillage event. 

More detailed equations are described in Supplementary Material 3. This submodule was designed to 

simulate volatilization of liquid slurry after spreading. However, it is used by default for all solid or 

liquid EOM. Because of such limit, we also estimated ammonia volatilization of EOM with a second 

method. 
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ALFAM2 is a simple semi-empirical model (Hafner et al., 2019) to simulate volatilization after field 

�D�S�S�O�L�F�D�W�L�R�Q�� �R�I�� �V�O�X�U�U�\���� �7�Z�R�� �S�R�R�O�V�� �R�I�� �D�P�P�R�Q�L�D�F�D�O�� �1�� �D�U�H�� �U�H�S�U�H�V�H�Q�W�H�G�� ���³�I�D�V�W�´�� �D�Q�G�� �³�V�O�R�Z�´������ �Z�L�W�K�� �W�Z�R��

volatilization rates. It was parametrized on a complete database of ammonia volatilization measurements 

from slurries (Hafner et al., 2018). Therefore, volatilization can be predicted from EOM characteristics 

(TS, pH, TAN), meteorological conditions (air temperature, wind speed, rainfall), application rate, 

technic of application (open slot, broadcast, trailing hose, trailing shoe), injection (deep or shallow). 

Compared to STICS, it only required one additional input variable, i.e. EOM pH. We used ALFAM2 

model to predict ammonia emissions from slurry, raw digestates, and liquid digestates, whose DM 

content are below 15% (Hafner et al., ���������������:�H���X�V�H�G���³�$�/�)�$�0���´���5���S�D�F�N�D�J�H�����+�D�I�Q�H�U���H�W���D�O�������������������W�R��

predict NH3 emissions after 3 days and assumed that it corresponded to the total volatilization. ALFAM2 

was not designed to predict volatilization from solid EOMs. Therefore, we used the mean emission 

factor measured in the field experiment to estimate the volatilization of solid manure and solid 

digestates, i.e. 66% of applied TAN (Chapter 3). This emission factor is consistent with other emission 

factors measured after solid manure application in the field with similar burying (ALFAM2 database) 

(Hafner et al., 2018). 

At last, we also forced the values of ammonia volatilization to be the same as the measured values. It 

enabled to evaluate the performance of STICS model without considering the errors on ammonia 

volatilization. 

In summary, we compared three submodules of ammonia volatilization inside the crop simulation with 

STICS: 1) (NH3_meas) used measured volatilization in the field experiment (Chapter 3), that were 

injected into STICS model; 2) (NH3_STICS) simulated volatilization of both liquid and solid EOM with 

STICS submodel; 3) (NH3_ALFAM2) simulated volatilization of liquid EOM by ALFAM2 and 

estimated volatilization of solid EOM by an emission factors then modelled values were injected into 

STICS model. The volatilization of mineral fertilizers were simulated specifically in STICS, it was not 

modified and only briefly evaluated. 

4.2.5 Evaluation of STICS soil-crop model 

Six classical statistical indicators were used to evaluate STICS model, as well as the EOM mineralization 

submodule and the volatilization submodule: root mean squared error (RMSE), relative root mean 

squared error (rRMSE), mean difference (MD), relative mean difference (rMD), squared Pearson 

correlation coefficient (r2), and model efficiency (EF). MD and rMD indicated the bias in the simulation. 

r2 indicated if the difference between years or treatments were well reproduced. RMSE, rRMSE, and EF 

were indicators of the global error of the simulations. 
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They were computed as: 

(equation 4.1) 
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Where Oi are the observed values, Si the simulated values, �1$ the mean of observed values, and �5�§ the 

mean of simulated values. 

EOM mineralization submodule was evaluated directly with incubations of EOM in controlled 

conditions. Two simulations of the submodule (i.e. one per set of parameters) were run for each EOM. 

The simulated C and N mineralization of organic product during incubation were compared to the 

observed one. The five EOMs were pooled to compute the indicators of performance. 
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Volatilization of ammonia after EOM applications simulated with both (NH3_STICS) and 

(NH3_AFLAM2) were compared to measured volatilization (7 dates and 3 organic fertilizers per date). 

The evaluations were made considering the volatilization of both liquid and solid organic fertilizers, as 

well as the volatilization of liquid fertilizers only. Volatilization of synthetic fertilizers, simulated with 

a separate submodule, was evaluated separately. 

Finally, STICS was evaluated on the five treatments and 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, grain biomass at harvest, grain N content at harvest.  

We analyzed four series of simulation runs. The reference one used (EOM_cal) EOM mineralization 

submodule and (NH3_ALFAM2) volatilization submodule. The effect of EOM calibration on STICS 

performance was quantified with a second series of simulation runs that used (NH3_ALFAM2) 

volatilization submodule and (EOM_def) set of parameters for EOM mineralization submodule. The 

effect of the choice of volatilization submodule on STICS performance was evaluated with the last two 

series of simulation runs, using (EOM_cal) set of parameters for mineralization submodule, and 

(NH3_STICS) and (NH3_MEAS) volatilization submodule, respectively. 

4.2.6 Sensitivity of STICS output to EOM parameters. 

We assessed how much the parametrization of digestates and cattle effluent influenced the main outputs 

of STICS. We realized a local one-at-a-time sensitivity analysis, as defined by Monod et al. (2006). The 

reference simulation runs used (EOM_cal) and (NH3_ALFAM2). 

We investigated the following inputs: application date, DM content (without change in VS or TAN 

applied), TAN content, C:Norg ratio, VS content (constant C:Norg ratio). These parameters were first 

modified one at a time for all EOM applications in winter/spring during the crop rotation on one side 

(five applications). They were then modified for all EOM applications in summer (two applications). 

We used six additional simulation runs for each studied input parameter. Application date was modified 

by -4, -2, -1, +1, +2, and +4 days. The other parameters were modified  by -20%, -10%, -5%, +5%, 

+10%, +20%. Indeed, Chapter 3 showed that EOM characteristics could vary up to 20% between two 

applications, and application date could easily vary of one week around ideal application date due to 

meteorological data and logistical constraints. 

The impact of these changes were assessed on the following outputs: yearly average SMN in the upper 

horizon (0 �± 20 cm), yearly average SMN in the whole profile (0 �± 100 cm), aerial plant biomass at 

harvest, N content in plant aerial organs at harvest, grain yield, N in grain at harvest, yearly ammonia 

volatilization, yearly N2O emissions, yearly nitrate leaching. We analyzed the consequences of the 

change of each input on each output, considering each cropping season (i.e. 2016/2017, 2017/2018, and 

2018/2019) and each organic treatment (CSM, RD, and LSD treatments). Nitrate leaching was measured 
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only in 2018/2019, as leaching were null or very low during the first two years. The impact of EOM 

characteristics applied in summer was not evaluated in 2016/2017 (no EOM application in summer 

2016). 

We draw the response profiles of outputs to varying inputs for each treatment and cropping season. 

Then, we computed a sensitivity indicator for each couple of input X and output Y. Because some 

response profile were not linear, the classically use of local derivatives were not adapted, and we used 

an indicator based on the range of output values across the different runs (Monod et al., 2006). We used 

the index proposed by Bauer and Hamby (1991) computed as: 

(equation 4.7)  ���Ñ
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where ���Ñ
�Ò�:�›�á �–�; is the index of sensitivity of output Y in response to input X, on treatment t and year y, 

and YX(i,y,t) is the value of the output for the simulation testing the variation of input X at a rate i, on 

year y and treatment t. Here, the sensitivity is thus expressed as the normalized range that the output Y 

experience in response to a change of input X of ± 20% (± 4 days for application date). For each couple 

of input X and output Y, we analyzed the mean ���Ñ
�Ò�:�›�á �–�; across cropping seasons and treatments, which 

is named I. It is interpreted as following one example. Considering the effect of a change of TAN content 

of the EOMs applied in winter on crop yield, I = 4% means that if we change the TAN content of EOM 

applied in winter by ± 20%, the simulated yield will change of 4% on average depending on the year 

and treatment. 

In addition, the output of the simulation runs of STICS using (EOM_def), as well as the simulation runs 

using (NH3_meas) or (NH3_STICS), were compared to the output of reference simulation runs. We 

studied the same six outputs. For each simulation run, we computed the normalized change of output 

variables, compared to the reference instance of STICS, for each year and each of CSM, RD, and LSD 

treatments. We also summarized those changes in computing the mean absolute normalized change of 

each output across the three years and the three treatments. 

4.3 Results 

4.3.1 Calibration and evaluation of STICS module for residue 

mineralization 

The incubations has been already described in Chapter 3 and are briefly summarized here. The 

mineralization of C in EOM reached a plateau at the end of the incubations. The amount of mineralized 

C is an indicator of the stability of the organic matters of the EOM. The proportions of mineralized C 

was similar for all EOMs (between 30% and 40%) except for the raw digestate (20%) (Figure 4.1.A). 

The solid digestate and cattle slurry induced an immobilization of mineral N in the soil, the 
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decomposition of the raw digestate and the cattle manure had no impact on SMN, and only the 

decomposition of the liquid digestate induced a release of mineral N. 

The two sets of parameters used in the EOM mineralization submodule are detailed in Supplementary 

Material 2. 

In the (EOM_def) set, the proportion of C in the labile pool RES1 was 0.24 for all three digestates and 

cattle manure, and 0.42 for cattle slurry. In the (EOM_cal) set, RES1 were 0.27, 0.57, 0.27, 0.22, 0.51 

for cattle manure, cattle slurry, raw digestate, liquid digestate, and solid digestate, respectively. Default 

values of RES1 were close to the parametrized one for cattle slurry, cattle manure, and raw digestate. It 

revealed that during phase separation, the solid digestate was enriched in labile C (higher RES1 than raw 

digestate), and the liquid digestate in recalcitrant C (lower RES1 than raw digestate). In the (EOM_cal) 

set, the proportions of organic N in the labile pool, defined from RES1 and aCN1, were 0.03, 0.06, 0.03, 

0.13, 0.05 for cattle manure, cattle slurry, raw digestate, liquid digestate, and solid digestate, 

respectively. They were different than the one in the (EOM_def) set that were 0.08 for cattle manure, 

0.20 for cattle slurry, and 0.02 for all three digestates. The high N quantity in the labile pool of liquid 

digestate could be one explanation of the early N mineralization after being applied in the soil, in 

particular compared to raw digestate. The degradation rate of labile pool (Kres1) and the proportion of C 

incorporation in zymogeneous microbial biomass (Y) had similar values between (EOM_cal) and 

(EOM_def) for all EOMs, except for liquid digestate. The labile organic pool of liquid digestate was 

characterized by a fast degradation rate (Kres1 = 0.34 day-1) compared to other EOMs 

(Kres1 < 0.06 day-1).  The labile organic pool of liquid digestate was poorly incorporated into the biomass 

and C was thus mainly emitted under the CO2 form (low Y = 0.1). This was related to the very quick 

CO2 emission after liquid digestate incorporation in the soil. The parametrization indicated that organic 

matter inside the liquid and solid digestates had different properties, the single �³�G�L�J�H�V�W�D�W�H�´���G�H�I�D�X�O�W��set of 

parameters might not be appropriate. The incubations also enabled to better simulate the behaviour of 

SMN after the application of EOMs in the soil. 

The (EOM_cal) set of parameters enabled a good simulation of C mineralization with RMSE = 3.3% of 

organic C from EOM mineralized (% added Corg), MD = 0.1% added Corg, r2 = 0.93, and EF = 0.90 

(Figure 4.1.A). The plateau observed at the end of the incubation was not reproduced, because the 

mineralization of the stable organic pool occured at the same rate than the active SOM 

(Kres2 = Ka = 3.78 10-4 year-1). However, the (EOM_def) set of parameters also enabled to model the C 

mineralization of EOM with a �³reasonable accuracy�  ́(Figure 4.1.A), with RMSE = 5.8% added Corg, 

MD = -1.4% added Corg, r2 = 0.76 and EF = 0.70. 
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Figure 4.1 �± A) C mineralization from EOMs during incubation in soil in controlled conditions. B) N 
mineralization from EOMs during incubation in soil in controlled conditions. Measures are displayed 
with dots, and simulated values with lines. Two sets of simulations are represented with the set of 
calibrated parameters (EOM-cal) or with the default values proposed in STICS (EOM-def). Error bars 
show one standard error. 
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The (EOM_cal) set of parameters successfully simulated the N mineralization of all EOMs 

(Figure 4.1.B), with RMSE = 11% of added organic N mineralized from EOM (% added Norg), 

MD = 0.4% added Norg, r2 = 0.59, and EF = 0.54. Similarly as C mineralization, because of Kres2 being 

equal to Ka, the N mineralization increased linearly from day 50 for all EOM, even if this phenomenon 

was not measured during the incubations. (EOM_def) failed to correctly reproduce the N mineralization 

of EOMs during the incubation, as shown by high RMSE (19.4% added Norg), low r2 (0.01), and negative 

EF (-0.45). It caused a strong overestimation of the mineralization of N from EOMs (MD = 8.2% added 

Norg). 

4.3.2 Evaluation of volatilization submodule of STICS 

The ammonia volatilization following EOM application was already described in Chapter 3 and is 

briefly summarized here. Concerning the liquid EOMs, the raw digestate was the most sensitive to 

volatilization (high TAN content, low infiltration), followed by liquid digestate then by cattle slurry 

(lower TAN content). The ammonia volatilization after solid EOM applications was important (up to 

25 kgN ha-1), despite their burrowing 24h after their application. 

STICS were able to simulate ammonia volatilization from liquid digestate and slurry with a reasonable 

accuracy (RMSE = 5 kgN ha-1, rRMSE=69%), slightly underestimating it (rMD = -34%). However, 

STICS strongly underestimated the volatilization from raw digestate, solid digestate, and cattle manure. 

Considering all EOM, STICS failed to reproduce the trends of volatilization (RMSE = 14.7 kgN ha-1, 

rRMSE = 109%, rMD = -67%, r2 = 0.03, EF = -0.59) (Figure 4.2). Additionally, the timing of simulated 

volatilization with STICS did not reproduce the measurements: in the model, emissions could occur 

during two months or more (data not shown), when it was measured to last less than one week 

(Chapter 3). 

ALFAM2 simulated ammonia volatilization from slurry and liquid digestates, with a good accuracy 

(RMSE = 3.8 kgN ha-1, rRMSE = 52%, rMD  = -10%, r2 = 0.62, EF = 0.58), superior to STICS 

(Figure 4.2). The ammonia volatilization of raw digestate was underestimated. However, the evaluation 

of ALFAM2 to simulate the volatilization of all liquid EOM (slurry, liquid digestates, and raw digestate) 

remained correct (RMSE = 9.7 kgN ha-1, rRMSE = 75%, r2 = 0.47, EF = 0.37). The measured emission 

factors after application of solid EOM were used to represent ammonia volatilization after solid EOM 

application, thus explained their good accuracy.  The volatilization from synthetic fertilizers simulated 

with STICS was underestimated (rMD = 2.9kgN ha-1) and were simulated with a RMSE of 

4.1 kgN ha-1. The evaluation of the ammonia volatilization is further detailed in Supplementary 

Material 4. 
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Figure 4.2 - Comparison of measured volatilization to simulated volatilization by A) STICS model, and 
B) ALFAM2 model (cattle slurry, raw digestate, liquid digestate) and emission factors (manure, solid 
digestate). Error bars show one standard error. 

 

Considering the 3 years, total volatilization using (NH3_ALFAM2) submodule were 36 kgN ha-1, 

98 kgN ha-1, 97 kgN ha-1 for CSM, RD, and LSD treatment, respectively. Only volatilization in RD 

treatment were significantly underestimated compared with measured total volatilization (46 kgN ha-1, 

147 kgN ha-1, 89 kgN ha-1 for CSM, RD, and LSD treatments, respectively). On the contrary, total 

volatilization using (NH3_STICS) submodule were strongly underestimated (11 kgN ha-1, 32 kgN ha-1, 

47 kgN ha-1 for CSM, RD, and LSD treatment, respectively). 

4.3.3 STICS performances 

The agronomical results of the field experiments were described in Chapter 3. Briefly, the use of 

digestate (LSD and RD) had globally similar yields that the (MN) treatment using synthetic fertilizers. 

The yields obtained with raw digestate (RD) were slightly lower than the one using liquid and solid 

digestates (LSD) treatment, which was attributed to high volatilization. The use of cattle effluents (CSM) 

resulted in lower yields than with other fertilizers, because of the lower inputs of mineral N. 

In the reference simulation runs, SWC of the topsoil along the three years were correctly simulated 

(RMSE = 3.58% w/w, rRMSE = 17%, rMD = 7%, r2 = 0.70, EF = 0.62). The water stocks in the whole 

soil profile were also well reproduced in 2019 (RMSE = 39 mm, rRMSE = 13%, rMD = 9%, r2 = 0.89, 

EF = 0.50) (Supplementary Material 5).  STICS consistently simulated the variations of SMN content 

in the topsoil (Figure 4.3), the RMSE were 22 kgN ha-1 (Table 4.2). SMN on the whole soil profile were 

underestimated (MD = -17 kgN ha-1, ARE = -34%), for all treatments (Supplementary Material 5).The 

plant aerial and grain biomass and N uptake at harvest were reasonably well predicted (Table 4.2, 

Figure 4.4). RMSE were 2.90 t ha-1 for aerial plant DM, 32.0 kgN ha-1 for aerial N uptake, 0.74 t ha-1 
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for grain yield, and 15.5 kgN ha-1 for N export in grain. STICS slightly overestimated wheat aerial 

biomass (rMD = 20%) and N uptake (rMD = 25%), and underestimated rapeseed aerial biomass (rMD 

= -25%) and grain yield (rMD = -19%) (Figure 4.4, Supplementary Material 5). The dry biomasses 

returned to soil with crop residues at harvest were overestimated: RMSE = 2.02 t ha-1 (rRMSE = 51%), 

MD = 1.25 t ha-1 (rMD = 32%), EF = -0.30, r2 = 0.22. Similar performance was obtained for N returned 

to soil with crop residues at harvest: RMSE = 11.2 kgN ha-1 (rRMSE = 50%), MD = 4.7 kgN ha-1 (rMD 

= 21%), EF = 0.34, r2 = 0.62. The general performances of STICS were similar when considering all 

treatments, or only organic treatments CSM, RD, and LSD treatments (Supplementary Material 5): only 

topsoil SMN (rRMSE = 90%, r2 = 0.31) and aerial N uptake (r2=0.20) were slightly less well predicted 

considering only those three amended treatments. 

In summary, STICS was able to simulate the crop and soil variable with a correct accuracy. The 

sensitivity of STICS enabled to differentiate the treatments with important differences (Figure 4.4). The 

treatments were well differentiated in 2017 and 2018, and slightly less in 2019. The application of a 

high dose of TAN in (RD) treatment before rapeseed sowing led to an overestimation of rapeseed growth 

and yield. 

The use of (NH3_STICS) or (NH3_ALFAM2) submodule did not degraded the overall STICS 

performances compared to the use of measured values of volatilization (NH3_meas) (Table 4.2); only 

the prediction of topsoil SMN was slightly degraded (Table 4.2, Supplementary Material 5). Therefore, 

the change of volatilization submodule mainly influenced the prediction of NH3 volatilization. The use 

of (EOM_def) instead of (EOM_cal) parametrization increased N mineralization from EOM, and thus 

increased the SMN content in the entire soil layer. Consequently, the use of default values (EOM_def)  

slightly decreased the prediction quality of aerial N uptake and N in grains, and slightly the prediction 

quality of grain yield compared to (EOM_cal) (Table 4.2). 
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Figure 4.3 �± Simulated and measured SMN content in topsoil (0 �± 20 cm). STICS simulations used 
(NH3_ALFAM2) submodule and (EOM_cal) parametrization. Solid line represent the simulated SMN 
content. Dots represent measured SMN content, error bar represent one standard error. 
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Figure 4.4 �± Performance of STICS to model.  A) aerial plant dry matter, B) aerial plant N uptake, C) 
grain yield, and D) N exported in grain. For A) and C) error bars represent measurement uncertainty 
(type B uncertainty). For B) and D), error bars show one standard error. STICS simulations used 
(NH3_ALFAM2) submodule and (EOM_cal) parametrization. 

 



  Chapitre 4 

150 
 

Table 4.2 �± Evaluation of STICS model, among the different parametrizations. 

STICS calibration variable RMSE rRMSE (%) MD rMD (%) EF r2 
Reference 
(NH3_ALFAM2) 
(EOM_cal) 

Aerial dry matter (t ha-1) 2.89 26 0.92 8 0.22 0.65 
Aerial N uptake (kgN ha-1) 32.0 25 20.1 16 0.05 0.67 
Grain yield (t ha-1) 0.74 15 -0.24 -5 0.85 0.88 
N in grain (kgN ha-1) 15.5 16 3.3 4 0.61 0.79 
SMN (0-20 cm) (kgN ha-1) 22.0 83 4.0 15 0.16 0.41 
SMN (0-100 cm) (kgN ha-1) 27.1 54 -19.7 -39 -0.33 0.46 

(NH3_STICS) 
(EOM_cal) 

Aerial dry matter (t ha-1) 2.74 25 1.21 11 0.29 0.69 
Aerial N uptake (kgN ha-1) 37.0 29 26.6 21 -0.27 0.69 
Grain yield (t ha-1) 0.76 15 -0.18 -4 0.85 0.86 
N in grain (kgN ha-1) 16.1 17 5.8 6 0.58 0.78 
SMN (0-20 cm) (kgN ha-1) 21.4 81 5.2 20 0.20 0.47 
SMN (0-100 cm) (kgN ha-1) 26.3 52 -17.2 -34 -0.26 0.45 

(NH3_MEAS) 
(EOM_cal) 

Aerial dry matter (t ha-1) 2.74 25 0.74 7 0.29 0.66 
Aerial N uptake (kgN ha-1) 29.0 23 17.4 14 0.22 0.69 
Grain yield (t ha-1) 0.76 15 -0.24 -7 0.85 0.88 
N in grain (kgN ha-1) 14.4 16 1.2 1 0.65 0.78 
SMN (0-20 cm) (kgN ha-1) 20.3 77 3.2 12 0.28 0.46 
SMN (0-100 cm) (kgN ha-1) 27.1 54 -19.7 -39 -0.35 0.47 

(NH3_ALFAM2) 
(EOM_def) 

Aerial dry matter (t ha-1) 2.84 25 1.29 12 0.24 0.70 
Aerial N uptake (kgN ha-1) 35.4 28 26.8 21 -0.17 0.72 
Grain yield (t ha-1) 0.58 12 -0.07 -1 0.91 0.92 
N in grain (kgN ha-1) 18.4 20 8.6 9 0.45 0.75 
SMN (0-20 cm) (kgN ha-1) 21.6 82 5.3 20 0.18 0.43 
SMN (0-100 cm) (kgN ha-1) 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 parametrization of the EOM mineralization submodule are 

shown in Supplementary Material 6. The response of outputs in function of the choice of EOM 

volatilization submodule are shown in Supplementary Material 7. The response of outputs in function 

of the variation of inputs linked to EOM characteristics are shown in Supplementary Materials 8 and 9. 

The Figure 4.5.A summarized the change of output induced by a change of submodule (EOM 

mineralization or volatilization); Figure 4.5.B summarized the change of outputs induced by the 

variation of the EOM characteristics (sensitivity indicators I). 

The parametrization of EOM mineralization submodule significantly affected STICS outputs 

(Figure 4.5.A). The effect of the parametrization method was higher in 2017/2018 and 2018/2019, 

compared to 2016/2017. It was also higher for CSM and LSD treatment compared to RD treatments 

(Supplementary Material 6). This could be related to the higher amount of organic matter applied in the 

field, including during summer: a similar relative variation of the mineralization had higher absolute 

consequences. Compared to (EOM_cal), (EOM_def) generally increased SMN content in soil (change 

of 15%) and thus crop characteristics at harvest (7% to 11%), N2O emissions (14%), and leaching (39%) 

(Figure 4.5.A). 

The choice of EOM volatilization submodule affected volatilization, which was negatively correlated to 

SMN contents, crop biomass and N uptake at harvest, N2O emissions, and leaching (Supplementary 

Material 7). Compared to the use of measured values of volatilization (NH3_meas), the use of 

(NH3_STICS) submodule underestimated volatilization for every year and treatment, excepted for LSD 

treatment in 2016/2017. The relative changes in volatilization were very high (65%), inducing changes 

of SMN contents, N2O emissions, and leaching of 14 to 17%, and crop characteristics at harvest from 

9 to 11% (Figure 4.5.A). Compared to (NH3_meas), the use of (NH3_ALFAM2) submodule could over- 

or underestimate volatilization depending on treatments and year. The mean absolute changes in STICS 

output induced by (NH3_ALFAM2) were about twice lower than the one induced by (NH3_STICS). 

For both (NH3_STICS) and (NH3_ALFAM2), RD treatment was more impacted than LSD or CSM 

treatments. 

Considering the two investigated submodules, a change in the parametrization method or equations can 

affect output variables. These changes were low relatively to the error of the model; rRMSE was up to 

c.a. 25% for crop characteristics and 80% for SMN contents. Therefore, the fine parametrization of these 

submodules did not improve the performance of STICS on crop growth. However, it was important to 

estimate N losses consistently. 
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Figure 4.5 �± Sensitivity analysis of EOM modelling and characteristics on STICS outputs. A) Changes 
in STICS output induced by the parametrization of EOM mineralization submodule, and by the choice 
of EOM volatilization submodule. 10% indicate that a change of submodule affect the output of ± 10% 
on average. B) Sensitivity indices I for each couple of outputs and EOM characteristics. I = 10% 
indicate that a variation of input of ±20% (±4 days for spreading dates) will induce on average a change 
of 10% in the output. For B), STICS simulations used (NH3_ALFAM2) submodule and (EOM_cal) 
parametrization. 
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The change of TAN content in EOM applied in winter or spring was positively correlated to all 

considered outputs. The effect of its change was homogeneous in all treatments and years 

(Supplementary Material 8). A change of up to ± 20% of TAN content induced on average sensitivity 

indices (I) comprised between 8 and 21% depending on the considered output (Figure 4.5.B). The 

application date of EOM applied in winter or spring strongly impacted EOM volatilization (I = 18%), 

and more moderately grain yield (I = 6%) and N in grain (I = 6%) (Figure 4.5.B). This was attributed to 

changes in meteorological conditions, and changes in crop development at fertilization date. A change 

in DM content was positively correlated to volatilization in winter and spring, with a relatively high 

sensitivity (I = 8%). In summer, volatilization was not impacted by application date nor DM content 

because of the use of emission factors for solid digestate and manure. The change of TAN content in 

EOM applied in summer importantly increased annual volatilization (I = 21%) and increased more 

moderately SMN content (I = 6% in the topsoil and 7% in soil profile), N2O emissions (5%), and 

leaching (I = 6%) (Figure 4.5.B, Supplementary Material 9). Changes in VS or C:Norg ratio of EOM 

applied at both season had only low impact on all considered outputs (Figure 4.5.B). 

4.3.5 Modelling nitrate leaching, N2O emissions, and soil organic N 

storage during the crop rotation 

We analyzed the N balance in the different treatments with the reference simulation (NH3_ALFAM2 

and EOM_cal) (Figure 4.6). The use of digestates (LSD and RD) instead of cattle effluent (CSM) 

induced higher N inputs, leading to higher N export in the crops, higher soil organic N storage, but also 

higher N losses. The three organic treatments (CSM, RD, and LSD) induced an increase in soil organic 

N storage compared to (MN) treatment. In (RD) treatment, the input of organic matter was lower than 

in (CSM) and (LSD) treatments. This conclusion was in line with the conclusion from the field 

experiment alone (Chapter 3). Thanks to modelling, we simulated leaching, N2O emissions, and organic 

N storage, that were only approximately estimated in the field experiment.  

Simulated total N2O emissions during the three years were 9.4 kgN ha-1, 8.1 kgN ha-1, 13.2 kgN ha-1, 

and 10.6 kgN ha-1 for MN, CSM, RD, and LSD treatments, respectively. The proportion of total yearly 

N2O emissions occurring in summer and autumn (from 21st of June to 21st of December) were 62 %, 

81%, 77%, and 63%, for MN, CSM, RD, and LSD treatments, respectively. CSM treatment emitted 

lower N2O emissions compared to the other treatment because of lower input of mineral N, which was 

a conclusion of the field experiment (Chapter 3). However, the conclusion from modelling and field 

observation diverged concerning the MN treatment: MN treatments emitted less N2O than RD and LSD 

treatments in the simulation when the emissions were similar in the 3 treatments for  the field observation 

(Chapter 3). With static chambers, punctual N2O emissions were measured. This cannot easily be 

compared to the daily simulated N2O emissions, as the amplitude of the two measured and simulated 

emissions do not represent the same thing. However, we compared the dynamics of N2O emissions 

(Supplementary Material 5). The emission peaks observed in winter and spring after the application of 
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the fertilizers were well reproduced. The simulations predicted several peaks of N2O emissions during 

the summer and autumn. We did not observed the N2O emission during all those periods. However, 

during some of them, there were experimental evidence of the absence of N2O emissions. STICS could 

therefore overestimate N2O emissions in this field experiment. As a result, the proportion of N2O 

emissions between the summer/autumn season compared to winter/spring season was higher than the 

observed measurements in the field experiment (Chapter 3). This could be a reason explaining why the 

MN treatment emitted similar N2O emissions than RD and LSD in the observations but less N2O 

emissions than RD and LSD in the simulation. 

During the 2016/2017 and 2017/2018 cropping seasons, simulated nitrate leaching was lower than 

2 kgN ha-1 in each treatments, excepted for RD treatment in 2018 where leaching reached 12 kgN ha-1. 

In 2018/2019, nitrate leaching was 33 kgN ha-1, 38 kgN ha-1, 58 kgN ha-1, and 29 kgN ha-1, for MN, 

CSM, RD, and LSD treatments, respectively. Therefore, the simulation confirmed the low leaching in 

2016/2017 and 2017/2018, and that the use of organic amendments in summer before wheat in summer 

2018 promoted leaching (Chapter 3). The difference between treatments in simulated leaching were 

lower than the one from estimated leaching from measured SMN stocks (Chapter 3). This was partly 

explained by the simulation of less N mineralization from solid digestate, than the one that can be 

estimated from the measured SMN stocks. 

STICS simulated a change of soil organic N (SON) along the three cropping season of -137 kgN ha-1, 

212 kgN ha-1, 109 kgN ha-1, and 287 kgN ha-1, for MN, CSM, RD, and LSD treatments, respectively. 

The simulated changes of soil organic C (SOC) were -1.99 tC ha-1, 2.64 tC ha-1, 0.42 tC ha-1, and 2.81 

tC ha-1, for MN, CSM, RD, and LSD treatments, respectively. The use of EOM increased the SON and 

SOC storage. In RD treatment, the absence of solid EOM 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 the 3-year crop rotation. Inputs of total N are on 
the the left (I), and output of N in the right (O). The variation of N stocks include soil organic N, SMN, 
and N in fresh crop residues. We observed a decrease in N stocks in MN treatment, and an increase in 
N stocks in CSM, RD, and LSD treatments (higher inputs than 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 not perform as  well as in the previous study from 

Levavasseur et al. (2021b) where eight parameters were parametrized, instead of four in the present 

work. However, the RMSE were comparable to the one reported by Levavasseur et al. (2021a). The 

performance of STICS using incubation-based calibration (EOM_cal), was similar to the one obtained 

with RothC for C mineralization (Mondini et al., 2017), and NCSOIL model for C and N mineralization 

(Noirot-Cosson et al., 2016). All calibration were comparable to the performance of simulation of crop 

residues mineralization (Justes et al., 2009) (5% added Corg). 

The use of laboratory experiments to calibrate soil-crop models in order to simulate field experiments 

assume an adequacy between results obtained in laboratory and field conditions. This hypothesis is 

assumed in many studies and gave good results, as deeply discussed by Mondini et al. (2017) for C 

mineralization. Regarding N mineralization from EOM, Cavalli et al. (2017) found a good adequacy 

between incubation in controlled conditions and mineralization of digestate in the field (Chapter 3). We 

also found a good adequacy between the EOM N mineralization and field N balance in the same field 
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experiments as the one used in the present study. The only exception being solid digestate that 

immobilized N in the incubation, although it was probably not the case in the field (Chapter 3). 

Both the use of default parameters and the calibration of some parameters with EOM incubation allowed 

to simulate topsoil SMN contents with an acceptable accuracy. STICS was not sensitive enough to detect 

any improvement in the overall simulation. The parametrization of the EOM mineralization submodule 

allowed to differentiate some EOM, and influenced the output with a higher amplitude than most of the 

other EOM characteristics. We would recommend parametrizing EOM if they are an important factor 

of the treatments, e.g. to compare the use of different EOMs 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 underestimated the NH3 volatilization from raw digestate, 

solid digestate, and farmyard manure. The simulation of ammonia volatilization after EOM application 

was evaluated once on swine slurry, and the error of modelling were approximately 10 kgN ha-1 

(Jing et al., 2017), slightly lower compared to the present evaluation of STICS. 

ALFAM2 successfully simulated the NH3 emissions of liquid and raw digestate. ALFAM2 model was 

selected because of its simplicity, its calibration based on a large dataset, and the ability to consider 

different type of slurry application method for further modelling experiments. ALFAM2 performed 

slightly better than the volatilization submodule of the soil-crop model DNDC (Congreves et al., 2016) 

(RMSE: 12 kgN ha-1). The simplicity of ALFAM2 did not enable to consider variables such as soil 

humidity or canopy development, which can influence volatilization and are available in STICS (Brisson 

et al., 2008). Gericke et al. (2012) found a better prediction of volatilization after digestate applications, 

with a more complex model (RMSE = 2.0 kgN ha-1). Such more complex model with finer time step 

could perform slightly better to simulate volatilization from liquid EOM.  

Both STICS and ALFAM2 underestimated the volatilization from raw digestate. One hypothesis is that 

the raw digestate did not efficiently infiltrate soil after application, as observed in the field experiment 

(Chapter 3). Digestate could have a different viscosity than slurries used to calibrate ALFAM2 model. 

Better understanding liquid infiltration could improve volatilization model (Pedersen et al., 2021). 

One issue in this study was the modelling of ammonia emission from solid EOMs. There were less 

studies interested in the volatilization from solid EOMs compared to liquid EOMs. To our knowledge, 

no mechanistic model to predict volatilization after field application of solid EOMs has been developed. 

Misselbrook et al. (2005) designed an empirical linear model that could be used to predict ammonia 

emissions. The model importantly overestimated the volatilization in the present field experiment and 

was not kept (data not shown). Currently, emission factors may be a robust way to predict field 
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volatilization of poorly investigated EOM such as composts, sewage sludge, or solid digestates 

(Houot et al., 2014). 

STICS simulated the volatilization from EOM with a low accuracy, in particular with EOMs with 

medium or high DM contents (raw digestate, farmyard manure, solid digestate). The dynamics of the 

emissions were not satisfactory. We recommend to not use this submodule to estimate NH3 volatilization 

from EOM. Instead, we recommend to use emission factors or another model, ALFAM2 being a good 

candidate for liquid EOM. These recommendations do not concern the NH3 volatilization from synthetic 

N fertilizers. 

4.4.3 STICS performance using organic fertilizers 

In our study, STICS performance for the prediction of water content (topsoil and soil profile), SMN 

(topsoil and soil water content), and plant characteristics at harvest were similar than the one reported 

in Coucheney et al. (2015), who evaluated STICS model for different crops and soil and climate 

conditions in France. Only the SMN content in the topsoil was highly underestimated in our study in all 

treatments. The underestimation of rapeseed yield and aerial biomass by STICS was already highlighted 

by Coucheney et al. (2015). Levavasseur et al. (2021b) evaluated STICS in a long-term experiment 

using EOMs as soil amendment. Comparing only cropping systems using EOMs (Supplementary 

Material 4), our simulations were of similar quality compared to the one they obtained (grain yield, 

aerial biomass, SMN content in soil profile and aerial N uptake). They underestimated SMN content in 

the soil profile by 17 kgN ha-1, similarly to our results. Guest et al. (2017) also found that STICS 

underestimated SMN in soil profile compared to the other soil-crop models DNDC and DayCent. The 

performance of STICS to predict SMN content in topsoil was similar to the one predicted by Jing et al. 

(2017) who simulated timothy growth under mineral and organic fertilization with STICS. STICS 

performed as well in our study to simulate cropping systems using digestates and effluents than in other 

studies. 

Few other soil-crop models were evaluated under cropping systems using EOMs. Li et al. (2015) 

evaluated DSSAT-CSM model, on SOC, SON, and yield, one treatment being fertilized with manure. 

Wheat yield under manure fertilization was predicted with a rRMSE of 22%, which was consistent to 

our findings with STICS. Begum et al. (2017) evaluated DailyDayCent on Rothamsted site, with manure 

additions. Yields were correctly simulated (rRMSE ranged from 30 to 40%), which is still a less good 

prediction than in the present study. With CERES-EGC, Noirot-Cosson et al. (2016) obtained good fits 

for yields (rRMSE ranged from 7 to 27%) and N exports (rRMSE ranged from 16 to 35%); however 

SMN was less accurately predicted (rRMSE > 100%). Räbiger et al. (2020) developed a plant-soil-

atmosphere model to simulate N leaching under rapeseed, wheat, and barley fields fertilized with 

digestates. The mineralization rate of digestate was calibrated on field data, no ammonia volatilization 

nor N2O emission were modelled. SMN in topsoil was similarly simulated in the present study compared 
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to the modelling of Räbiger et al. (2020) (r2 ranged from 0.08 to 0.38, RMSE ranged from 16 to 

30 kgN ha-1). 

Here, we studied the sensitivity of the outputs in response to a change in inputs associated to EOM 

characteristics. We concluded that the TAN content of EOM were the main parameter of interest when 

considering crop growth and N losses. The ammonia volatilization was also sensitive to application date 

and DM content of the EOMs. Variations of C content or C:Norg content could however have impacts at 

longer-term, e.g. on SOC content. A more sophisticated global sensitivity analysis would give more 

insight in the EOM characteristics interacting with each other (Monod et al., 2006). Such analysis would 

also benefit to investigate the interaction between EOM characteristics and diverse soil and climate 

conditions. 

Compared to the literature, we concluded that STICS provided a good representation of EOM. We 

argued that STICS is able to simulate a crop rotation based on fertilization with EOMs, if the ammonia 

volatilization model is changed. The main parameters that should be assessed precisely are the TAN 

contents of EOM applied during crop growth. The mineralization of EOM can be parametrized, but the 

default values should lead to consistent simulations. Slight 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 including ones not measured in the field experiment. 

It included N2O emissions during the whole cropping season, nitrate leaching, and the SOM storage. 

The use of the simulation together with the field experiment strengthened our conclusion on the use of 

digestates as fertilizers. 

Compared to synthetic fertilizers, the use of EOM increased the N content in the soil. This effect was 

already highlighted (Bhogal et al., 2018). The use of EOMs may also increase ammonia volatilization 

depending of their TAN contents. Here, the nitrate leaching was only increased due to the application 

of EOMs just before wheat sowing, consistently to the findings of Sieling et al. (1997). The effects of 

the use of EOM on N2O emissions were contradictory. The importance of N2O emissions during summer 

is crucial. EOMs can bring N to the soil during summer, and could lead to high N2O emissions because 

of high temperature and when the soil is moist enough. However, if the soil is too dry, the application 

of EOM in summer can have very low effect on N2O emissions. Indeed, soil moisture and temperature 

are the two main drivers of N2O emissions (Butterbach-Bahl et al., 2013). Both low (Parnaudeau et al., 

2009; Pezzolla et al., 2012) and high (Bell et al., 2015, 2016) N2O emission during summer after EOM 

application have been reported in the literature and this question could be further investigated. 

The use of digestate instead of cattle effluents induced a higher TAN input, and therefore higher yields 

simultaneously to higher N losses (NH3, N2O). This was consistent with the findings in the literature, 
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although the different effects were often studied independently (e.g., Möller, 2015; Möller and Müller, 

2012; Nicholson et al., 2017). The use of raw digestate instead of liquid and solid digestates increased 

the ammonia volatilization, although it was not well simulated. Raw digestates also induced lower input 

of organic matter in the field. 

4.5 Conclusion 
In this study, we calibrated and evaluated the STICS model on a field experiment using organic 

fertilizers and amendments, including cattle effluents and digestates. We investigated the role of the 

parametrization of EOM mineralization submodule, and the role of the choice of EOM volatilization 

submodule. We showed that STICS performed reasonably well to predict plant yield and N content at 

harvest, and SMN content. The choice of the parametrization method for the EOM mineralization 

submodule did not affect the ability of STICS to simulate a consistent crop rotation, despite the fact that 

the absolute value of the outputs can be impacted. The submodule of STICS predicting ammonia 

volatilization from EOM underestimated volatilization, especially for solid EOMs or raw digestates, 

ALFAM2 model performed better (for liquid EOMs). A reasonable uncertainty on EOM characteristics 

should not affect importantly STICS outputs. Further use of STICS should include the effect of using 

digestates with different characteristics, at different doses, or on different crops. STICS could thus be 

used to estimate impacts that are difficult to measure (e.g. N2O emissions, leaching, volatilization, C 

storage) at a longer-term, especially with digestate for which long-term experiments are still scarce. 
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Chapitre 5  

Évaluation du modèle de méthanisation 

SYS-�0�H�W�K�D���j���O�¶�D�L�G�H���G�H�V���G�R�Q�Q�p�H�V���R�S�p�U�D�W�L�R�Q�Q�H�O�O�H�V��

�G�¶�X�Q���P�p�W�K�D�Q�L�V�H�X�U���W�U�D�L�W�D�Q�W���G�H�V���G�p�F�K�H�W�V���Y�D�U�L�p�V 
 

 

Le Chapitre 4 a permis de montrer que le modèle sol-plante STICS, associé au modèle de volatilisation 

ALFAM2, �S�R�V�V�q�G�H�� �G�H�V�� �F�D�S�D�F�L�W�p�V�� �G�H�� �S�U�p�G�L�F�W�L�R�Q�� �V�X�I�I�L�V�D�Q�W�H�� �S�R�X�U�� �r�W�U�H�� �X�W�L�O�L�V�p�� �F�R�P�P�H�� �R�X�W�L�O�� �G�¶�p�Y�D�O�X�D�W�L�R�Q��

�H�Q�Y�L�U�R�Q�Q�H�P�H�Q�W�D�O�H���G�H���S�U�D�W�L�T�X�H���D�J�U�R�Q�R�P�L�T�X�H�����&�R�P�P�H���S�U�p�V�H�Q�W�p���D�X���&�K�D�S�L�W�U�H���������O�¶�L�P�S�D�F�W���H�Q�Y�L�U�R�Q�Q�H�P�H�Q�W�D�O��

�G�H���O�D���P�p�W�K�D�Q�L�V�D�W�L�R�Q���G�p�S�H�Q�G���G�H�V���H�I�I�H�W�V���G�H���O�¶�p�S�D�Q�G�D�J�H���G�H���G�L�J�H�V�W�D�W���D�X���F�K�D�P�S�����P�D�L�V���p�J�D�O�H�P�H�Q�W���G�H���O�¶�H�I�I�H�W���G�H�V��

impacts du traitement des déchets, au niveau de la plateforme de méthanisation. Le but de cette thèse 

�H�V�W���D�L�Q�V�L���G�¶�p�W�X�G�L�H�U���H�Q���T�X�R�L���X�Q���F�K�D�Q�J�H�P�H�Q�W���G�H���S�U�D�W�L�T�X�H���O�R�U�V���G�X���W�U�D�L�W�H�P�H�Q�W���G�H�V���H�I�I�O�X�H�Q�W�V���E�R�Y�L�Q�V���S�H�X�W���D�Y�R�L�U��

un effet sur la qualité agronomique des digestats et avoir des effets indirects sur les effets au champ. 

Pour atteindre ce but, un modèle de prédiction de la qualité des digestats est nécessaire et doit également 

être évalué. Dans ce Chapitre 5, nous présentons un modèle de méthanisation simple, SYS-Metha 

(UR OPAALE, INRAE, Rennes), prédisant les caractéristiques des digestats, les productions de biogaz, 

�H�W���O�H�V���p�P�L�V�V�L�R�Q�V���J�D�]�H�X�V�H�V���O�R�U�V���G�X���V�W�R�F�N�D�J�H���G�H�V���G�L�J�H�V�W�D�W�V�����1�R�X�V���p�Y�D�O�X�R�Q�V���F�H���P�R�G�q�O�H���V�X�U���O�H���F�D�V���G�¶�p�W�X�G�H���G�X��

méthaniseur de �1�R�X�]�L�O�O�\�����&�H���&�K�D�S�L�W�U�H���H�V�W���p�F�U�L�W���G�D�Q�V���O�H���I�R�U�P�D�W���G�¶�X�Q�H���S�X�E�O�L�F�D�W�L�R�Q���V�F�L�H�Q�W�L�I�L�T�X�H�����P�D�L�V���L�O���Q�¶�D��

pas vocation à être publié. Le travail présenté dans ce chapitre a participé à un travail plus large 

�G�¶�p�Y�D�O�X�D�W�L�R�Q�� �G�H�� �6�<�6-Metha sur plusieurs méthaniseurs, coordonnées par les membres de 

�O�¶�8�5 OPAALE, qui a �I�D�L�W���O�¶�R�E�M�H�W���G�¶�X�Qe publication scientifique. 

Bareha, Y., Affes, R., Moinard, V., Buffet, J., Girault, R., 2021. A simple mass balance tool to predict 
carbon and nitrogen fluxes in anaerobic digestion systems. Waste Management 135, 47�±59. 
https://doi.org/10.1016/j.wasman.2021.08.020 
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Abstract 
Farms equipped with anaerobic digestion benefit from the production of digestates as organic fertilizers. 

The physico-chemical characteristics of digestates influence both their fertilizing potential, as well as 

their associated environmental risks. SYS-Metha is a simple anaerobic digestion model that simulates 

the biogas production, the gaseous emissions during storage, and the digestate characteristics from 

operational data. The purpose of this study was to evaluate the model on a territorial digester processing 

multiple agricultural and urban inputs. Operational data were obtained from the managers of the 

anaerobic digestion plant. We realized a mass balance to assess the consistency of the dataset, and 

selected an adequate period to evaluate SYS-Metha during stationary functioning. A period of 56 weeks 

was selected, with homogeneous inputs, biogas production, hydraulic retention time (HRT), and 

consistent analyses of the digestate. During digestion, the export of digestate fitted the predicted 

production of digestate from inputs and biogas production, with a slight overestimation of 12%. The 

phase separation and storage were found conservative for P and mineral matters. During this period, 

SYS-Metha consistently simulated flows of nutrients and digestate characteristics (relative errors often 

lower than 20%). The simulated biogas production was 61% higher than measured biogas consumption. 

Slight adjustments in some input characteristics led to decrease this overestimation, with a predicted 

biogas production that was 41% higher than measured biogas consumption. The digestate characteristics 

were simulated reasonably well. Considering its simplicity and assumptions, the simulation of the 

anaerobic digester by SYS-Metha was considered as successful. This work has been integrated in a 

broader scientific publication aiming at evaluating SYS-Metha in regards to twelve digesters. SYS-

Metha is a promising simple tool for further works aiming at evaluating the environmental performance 

of anaerobic digestion. 

Keywords 

Anaerobic digestion; mass balance; storage; modelling; digestate; emissions.  
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5.1 Introduction 
On-farm anaerobic digestion is developing in France. Farms equipped with anaerobic digestion produce 

energy and benefit from the production of digestate as organic fertilizer. The physico-chemical 

characteristics of digestate influence both its fertilizing potential, as well as its associated environmental 

risks (Chapter 1, Chapter 3). Moreover, anaerobic digestion is subject to biogas leakage (Hrad et al., 

2015) as well as gaseous emissions during storage of wastes and digestates (e.g., CH4, N2O, NH3) 

(Baldé et al., 2018, 2016; Daniel-Gromke et al., 2015), which influence the environmental performance 

of anaerobic digestion (e.g., Hijazi et al., 2016; Vaneeckhaute et al., 2018). The modelling of digestate 

characteristics and emission during storage could be a relevant tool to evaluate the environmental 

impacts of anaerobic digestion. 

During the last decades, the scientific community developed a diversity of anaerobic digestion models 

(Lauwers et al., 2013). Among them, ADM1 (Batstone et al., 2002) is a complex mechanistic model 

�Z�K�L�F�K���K�D�V���E�H�H�Q���W�K�H���P�R�V�W���X�V�H�G���L�Q���W�K�H���V�F�L�H�Q�W�L�I�L�F���F�R�P�P�X�Q�L�W�\�����1�X�P�H�U�R�X�V���F�R�Q�W�U�L�E�X�W�L�R�Q�V���G�H�Y�H�O�R�S�H�G���³�P�R�G�L�I�L�H�G��

�$�'�0�����P�R�G�H�O�V�´���W�R���L�Q�F�O�X�G�H���Q�H�Z���F�K�H�P�L�F�D�O���S�U�R�F�H�V�V���L�Q�V�L�G�H���W�K�H���G�L�J�H�V�W�H�U��(Lauwers et al., 2013). One major 

issue of these mechanistic complex models is the need to deeply characterize the inputs (Fisgativa et al., 

2018; Girault et al., 2012; Jimenez et al., 2016; Li et al., 2021), and often to calibrate some parameters 

of the model to consistently simulate the observed data (Donoso-Bravo et al., 2011). Other modelling 

approaches included simpler mechanistic models based on first-order kinetics (Ericsson et al., 2020; 

Linke et al., 2013; Muha et al., 2015), or the use of data based models such as artificial neural network  

(González-Fernández et al., 2011). All those models were primarily used to predict biogas production 

at a fine time scale in order to improve the digestion process (Lauwers et al., 2013), to evaluate the co-

digestion of diverse effluents (Mata-Alvarez et al., 2014), or to evaluate the benefits of the pre-treatment 

of inputs (Esposito et al., 2012). Other simple anaerobic digestion models have also been developed  to 

easily predict the biogas production or the economical consequences of anaerobic digestion at the farm 

level (Kythreotou et al., 2014). Such models often focused on very specific types of plants or geographic 

area, and they rarely consider environmental assessment, or quality of digestate (Kythreotou et al., 

2014). 

With the increasing interest for the environmental performance of anaerobic digestion, the anaerobic 

digestion models were sometimes used to predict the pollutants or greenhouse gas emissions from 

digestate during storage, or to predict the digestate characteristics. Ericsson et al. (2020), Linke et al. 

(2013) and Muha et al. (2015) used simple mechanistic models to predict methane emissions from raw 

digestate storage. Vergote et al. (2019) modified ADM1 to predict biogas emission from digestate during 

and after digestion. They explored the impact of hydraulic retention time (HRT), temperature, and 

frequency of digestate removal on biogas emissions during storage. To our knowledge, no model 

predicting the gaseous emissions from solid digestate originating from solid/liquid phase separation has 
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been developed. Many composting models has been developed, which could sometimes predict gaseous 

emissions (Walling et al., 2020). They could be adapted for the modelling of solid digestate storage. 

Some authors focused on the prediction of digestate characteristics. Although ADM1 was initially not 

focusing on digestate quality (Lauwers et al., 2013), volatile solid (VS) content, total ammoniacal 

nitrogen (TAN) content, or pH can be predicted by some versions of ADM1 (Donoso-Bravo et al., 2020; 

Galí et al., 2009), because they are linked to biogas production. More recently, Bareha et al. (2018) and 

Fisgativa et al. (2020a) investigated the mineralization of organic N during digestion. The prediction of 

the stable fraction of organic matter in digestate has also been investigated, which could be used in the 

future to predict the digestate capacity at contributing to carbon storage in soils (Jimenez et al., 2015). 

Finally, some other types of models were specifically dedicated to provide information for life cycle 

assessment (LCA) (Gentil et al., 2010). Among them, the ORWARE model aimed at predicting 

environmental impacts of diverse waste treatments, including anaerobic digestion (Carlos-Pinedo et al., 

2020; Dalemo et al., 1997; Eriksson et al., 2002). Such models consider a large spatial scale and is 

relevant for environmental assessment, e.g. to compare different waste treatments. However, it relies on 

many hypothesis that are sometimes difficult to verify, and does not aim at exploring the effect of 

different processes on the environmental performance of anaerobic digestion. ORWARE assumptions 

are for example based on a single plant, based in Sweden (Eriksson et al., 2002).  

SYS-Metha (Bareha et al., 2021b, 2021a) is a recently developed anaerobic digestion model (continuous 

stirred tank reactor, mesophilic conditions). It is based on a mass balance approach, to predict biogas 

production and digestate characteristics from a waste database including physico-chemical 

characteristics, potential biomethane production and N mineralization. The model aims to be a robust 

tool to predict digestate characteristics, and gaseous emissions during storage using emission factors. 

The advantages of SYS-Metha compared to the previously presented models are 1) the ability to 

simulate different initial mixtures with a broad waste description, 2) the simplicity of its input data, and 

3) the consideration of all major gas emissions (NH3, CH4, CO2, N2O) during all steps of the process. 

Therefore, it could be used for environmental assessment, considering different initial mixtures used for 

anaerobic digestion. The aim of this study was to evaluate the ability of the SYS-Metha model to predict 

digestate characteristics for an agricultural digester with large external inputs, using the operational 

dataset from the plant manager. This work has been included 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, 2021b) aims at predicting digestate characteristics, biogas 

production, and gaseous emissions during digestate storage, in an anaerobic digestion plant, based on a 

simple operational dataset. It is a mass balance model. The model assumes a stationary functioning, and 

a wet mesophilic process. The data needed to run SYS-Metha model are the inputs of the digester 

(masses of fresh weight), the hydraulic retention time (HRT), information on digestate phase separation 

(screw press, centrifugation, or none), and about the cover or not of liquid or raw digestate tanks. The 

model predicts the production of CO2 and CH4 in the biogas, the quantity of digestate produced, the total 

solid (TS), VS, carbon (C), total nitrogen (TN), and TAN contents in digestates for all steps (with or 

without phase separation, before and after storage), as well as gaseous emissions during storage (NH3, 

N2O, CO2, CH4). Briefly, it is constituted of 5 steps. 

Step 1) All inputs have to be listed in an organic waste database in which the characteristics of 48 types 

of inputs are described by their contents in TS, VS, C, TN, TAN. Each input is also characterized by its 

bio-methanogenic potential (BMP, in Nm3CH4 tTS-1) which represents the quantity of methane that 

could be emitted, and the CH4:(CH4+CO2) volumetric ratio inside biogas produced during the digestion 

of the input . Each input is also characterized by its apparent nitrogen mineralized potential (ANMP, in 

gN-NH4
+ kgTS-1), which represents the quantity of organic N that could be mineralized under 

ammoniacal N form during input digestion. ANMP considers organic N mineralization, biomass growth 

and biomass decay. BMP, CH4:(CH4+CO2) ratio, and ANMP are computed as described and defined in 

Bareha et al. (2018). Standard errors are associated to each characteristics.  

Step 2) For each input, CH4 and CO2 production as well as organic N mineralization are computed. CH4 

production is computed as: 

(equation 5.1) CH4 = TS . BMP . PMRBMP 

where CH4  is the methane produced (Nm3), TS is the quantity of total solid within the input in the 

digester (tTS). PMRBMP (potential mineralization rated obtained) is a factor varying from 0 to 1.05 used 

to adjust BMP in function of HRT, BMP, and TS and C contents in inputs. PMRBMP is thus an increasing 

empirical function of HRT (Bareha et al., 2021b). CO2 production is deduced from CH4 production and 

CH4:(CH4+CO2) ratio. TN, water, mineral matter (MM) of each inputs are conserved during digestion. 

The C emitted as biogas is removed (mass balance). VS is degraded with the same proportion as C. It 

induces a slightly higher mass of outputs (digested matter and gas) compared to inputs, because the C 

content inside the volatile solid is different in the inputs and in the biogas. Additionally, the 

mineralization of organic N is computed as: 
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(equation 5.2) Norg�Æamm = Norg . ANMP%Norg . PMRANMP 

Norg�Æamm (tN) is the total mass of organic N mineralized into ammoniacal N. Norg is the initial mass of 

organic N from the input in the digester (tN). ANMP%Norg is ANMP expressed in percentage of organic 

N in the input. Like PMRBMP, PMRANMP is a factor used to adjust ANMP in function of HRT, ANMP, 

and TAN and TN contents in inputs. PMRANMP is thus an increasing empirical function of HRT 

(Bareha et al., 2021b). 

Step 3) The biogas production is computed by summing the biogas produced by each input. The biogas 

production can be used to predict the electric power of the plant, assuming that the generator runs 8000 

h year-1 with an energy yield of 0.38 (kW electricity per kW of primary energy). The raw digestate 

production is computed by mass balance, summing the elements brought by each input, considering the 

mass loss in biogas. There is no interactions between the inputs. The TS, VS, C, TN, and TAN contents 

in raw digestate are also computed by mass balance, considering inputs characteristics, biogas 

production, and mineralization of organic N.  

Step 4) After phase separation, the characteristics and quantities of solid and liquid digestates are 

computed using separation efficiency ratio for each element (fresh weight (FW), TS, VS, C, TN, TAN). 

These ratios come from (Guilayn et al., 2019b). Phase separation is conservative for all elements. 

Step 5) During digestate storage, the simulated processes are the anaerobic and aerobic degradation of 

organic matter that emit CO2 and CH4 (solid, liquid, and raw digestates), the organization of ammoniacal 

N that affect TAN:TN ratio and emit N2 and N2O from solid digestate, and the volatilization of NH3 

from solid, liquid, and raw digestates. Storage is modelled using degradation ratios and gaseous emission 

factors, described in Table 5.1. Considering solid digestate, organic matter is decomposed, leading to a 

decrease of TS, VS, and C contents. 1% of the lost C is emitted under CH4 form, the other part being 

CO2. Part of the TN is also lost through emissions of N2, N2O, NH3. 51% of TAN is lost or organized: 

26% is emitted under NH3 form, 8% is emitted under the N2O form, and the last part (17%) is organized 

or lost under other forms such as N2. Considering liquid and raw digestate, organic matter is also 

decomposed, leading to a decrease of TS, VS, and C contents. The emission factors were similar with 

or without storage cover. The lost C was emitted under CH4 and CO2 forms, with the same ratio as the 

one found in the digester. The NH3 volatilization depends on the presence of storage cover. Organic N 

was conserved, N organization, N mineralization, and other N emissions, including N2O, were assumed 

to be null. For solid, liquid, and raw digestates, total mass of digestate is deduced from initial mass and 

losses. 

SYS-Metha provides uncertainties associated to each outputs, coming from the uncertainties of wastes 

characteristics. 
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Table 5.1 �± Degradation ratios and gaseous emission factors used in SYS-Metha to simulate the 
digestate transformation during storage.  

Reference Liquid digestate Raw digestate Solid digestate 
Water loss (kgH2O kgH2O-1) 0 0 0 

TS loss (kgTS kgTS-1) 0.08 0.05 0.22 

TN loss (kgTN kgTN-1) equal to NH3 emission equal to NH3 emission 0.09 

TAN loss (kgTAN kgTAN-1) equal to NH3 emission equal to NH3 emission 0.51 

VS loss (kgVS kgVS-1) 0.13 0.07 0.30 

C loss (kgC kgC-1) 0.15 0.08 0.34 

NH3 emissions (with cover) 
(% initial TAN) 

9% 7% 26% 

NH3 emissions (without cover) 
(% initial TAN) 

44% 36% 26% 

N2O emissions 
(% initial TAN) 

0 0 8% 

CH4 emissions Similar proportion of 
Closs as in the biogas 

Similar proportion of 
Closs as in the biogas 

1% Closs 

TS: total solid. TN: total N. TAN: total ammoniacal N. VS: volatile solid. 

 

5.2.2 Case study: an agricultural digester with high external inputs 

The present case study is based on an agricultural anaerobic digester located in the Centre �± Val de Loire 

region of France. A continuous wet mesophilic process (continuous stirred-tank reactor) is performed, 

with one main digester (1600 m3) and one post digester (700 m3). The digester has the capacity to treat 

12,000 t of waste per year. However, recently, it only treated 7,500 t of wastes per year, consisting in 

cattle slurry (11%), cattle, sheep, and horse manures (17%), sewage sludge (29%), agroindustrial wastes 

(18%), grease (8%), and cereal middlings (8%). The remaining inputs consisted in site water runoff 

(9%) and other wastes (e.g. grass silage, beet pulp). The biogas is used to produce electricity with a 

combined heat and power unit. For this study, the retention time was 100 days. The raw digestate is 

post-treated by phase separation using a screw press. The liquid phase is stored in an open lagoon, the 

solid phase is stored outdoor, for about six months. They were sampled during their application in the 

field. We sampled the raw digestate immediately after going out of the post-digester (no storage).  
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We interviewed the managers of the digester in order to acquire operational management data. The 

following dataset used in this study was obtained from 2017 to 2019: biogas consumption (volume, 

proportion of CH4 and CO2, on a weekly time step), digester inputs (weekly time step), digestate exports 

(mass of solid and liquid digestates, on a weekly time step). From 2017 to 2019, digestates were sampled 

and analyzed regularly. Overall, the raw digestate was analyzed on 7 dates (22 March 2017, 19 April 

2017, 21 March 2018, 2 August 2017, 11 January 2019, 19 February 2019, 12 March 2019), liquid 

digestate on 7 dates (8 February 2017, 22 March 2017, 19 April 2017, 21 March 2018, 11 January 2019, 

19 February 2019, 12 March 2019), solid digestates on 4 dates (8 February 2017, 2 August 2017, 

19 September 2019, 11 January 2019). The following digestate characteristics were analyzed in a 

specialized laboratory (Aurea, Ardon, France): TS, TN, TAN, VS, P, and K contents. C content was 

assumed equal to half of VS content. Mineral matters (MM) were computed as the difference between 

TS and VS. Those analysis included the one from Chapter 3 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 section 5.2.1, SYS-Metha assumed a stationary functioning of the digester. Therefore, 

a consistent period of time had to be found, during which this assumption is probable, to correctly 

evaluate the model. First, we identified candidate periods by analyzing the following variables: weekly 

mass inputs, weekly biogaz production and HRT. We identified candidate periods, where those three 

variables were as constant as possible. Moreover, the candidate periods had to be positioned between 

two exports of liquid digestate. Indeed, liquid digestate was stored continuously without indication on 

production rate, until spreading period, which occurred twice, or three times a year. After a spreading 

period, we assume that the lagoon is close to empty. This assumption enabled to assess absolute mass 

of liquid phase digestate production. The solid phase of digestate is exported regularly every two weeks, 

thus no constraints were needed to assess its export. HRT (days) was computed every four weeks with 

the equation: 

(equation 5.3) �*�4�6L
�Ï

�¿
L

�Ï
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where V is the volume of digester and post-digester (V = 1600 + 700 m3 = 2300 m3), F is the input flux 

(m3 d-1�������û�W���L�V���W�K�H���F�R�Q�V�L�G�H�U�H�G���S�H�U�L�R�G�����K�H�U�H�����û�W��� �������Z�H�H�N�V��� ���������G�D�\�V�������P���L�V���W�K�H���P�D�V�V���R�I���L�Q�S�X�W�V�����WFW) during 

�W�K�H�� �W�L�P�H�� �ût���� �D�Q�G�� �!�� �L�V�� �W�K�H�� �P�H�D�Q�� �G�H�Q�V�L�W�\�� �R�I�� �L�Q�S�X�W�V���� �Z�K�L�F�K�� �L�V�� �D�V�V�X�P�H�G�� �W�R�� �E�H�� �H�T�X�D�O�� �W�R�� �Z�D�W�H�U�� �G�H�Q�V�L�W�\��

���! = 1 tFW m-3).  

5.2.4 Mass balance of the digester based on the operational dataset 

We realized a mass balance of the digestion step and post-treatment step during the candidate periods, 

in order to select the period with the most consistent operational data for SYS-Metha evaluation. During 
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the digestion step, due to the diversity of inputs (26 denominations) and the lack of chemical analyses 

of inputs, only the fresh weight mass balance was assessed. This step was useful to evaluate the 

consistency of inputs, biogas production, and digestate exports. We evaluated the production of raw 

digestate both from the inputs and the outputs: 

(equation 5.4) �I �Ë�½
�Ü�áL �I �Ü�á�ã�è�ç�æF �I �Õ�Ü�â�Ú�Ô�æ 

(equation 5.5) �I �Ë�½
�â�è�çL �I �Å�½E �I �Ì�½ 

Where �I �Ë�½
�Ü�á is the mass of raw digestate estimated from inputs (ton of fresh weight tFW), �I �Ë�½

�â�è�ç is the 

mass of raw digestate estimated from outputs (tFW), minputs, mbiogas, mLD, mSD are the mass of inputs, 

biogas, exported liquid digestate, and exported solid digestate, respectively (tFW). mbiogas was estimated 

from the consumed volume of gas using the ideal gas law. We assumed that biogas was only constituted 

by CO2 and CH4, and that all biogas was consumed: 

(equation 5.6) �I �Õ�Ü�â�Ú�Ô�æL �I �¼�Á�0 E �I �¼�È�. L
�É�®�Æ�´�¹ �0�®�Ï�´�¹ �0

�Ë�®�Í�®�5�4�2
E

�É�®�Æ�´�À�. �®�Ï�´�À�.

�Ë�®�Í�®�5�4�2
  

where P is the gas pressure in normal condition (c.a. 101325 Pa), R in the molar gas constant 

(c.a. 8.314 J K-1 mol-1), T is the temperature in normal conditions (273.15 K), �/ �¼�Á�0and �/ �¼�È�.are the 

molar masses (g mol-1) of CH4 ad CO2, respectively, and �8�¼�Á�0and �8�¼�È�. are the consumed volume (Nm3) 

of CH4 and CO2, respectively. 

We used the analyses of digestates to verify the consistency of TS, VS, C, MM, TN, TAN, P, and K 

mass balances during post-treatment (phase separation and storage), and to evaluate the consistency of 

these analyses. For both candidate periods, digestates were assumed to have constant average physico-

chemical characteristics, computed as the average characteristics of digestates analysis realized during 

each period. It was a moderate assumption, because digestate characteristics were globally homogenous 

during the three years (Chapter 3, data not shown). We used the mass balance approach described by 

Guilayn et al. (2019b). First, we computed the ratio of liquid fraction after phase separation (RLF) with 

the following equation : 

 (equation 5.7) �4�Å�¿L
�à �½�·

�à �Ä�·�>�à�½�·
 

Where mLF and mSF are the masses of the exported liquid and solid digestates, respectively (tFW). This 

equation assumed that the exported liquid and solid digestates correspond to the same period of 

production. The ratio of solid fraction is computed as: 

 (equation 5.8) �4�Ì�¿ L �s F �4�Å�¿ 

It was then possible to estimate errors in mass distribution (ErrorMD) on an element X, which was the 

excess (ErrorMD > 0) or deficit (ErrorMD < 0) of the element X found in post-treated digestates (solid and 
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liquid), compared to raw digestate. It was expressed in percentage of the flow of element X in the raw 

digestate. We computed ErrorMD with equation 5.9: 

 (equation 5.9) �'�N�N�K�N�Æ�½L
�Ë�Ä�·�®�>�Ñ�?�Ä�·�>�Ë�½�·�®�>�Ñ�?�½�·

�>�Ñ�?�Ã�·
F �s 

where [X]SF, [X] LF, and [X]RF were the content of element X (kgX tFW-1) in solid, liquid, and raw 

fractions, respectively. The following elements were investigated: DM, VS, C, MM, TN, TAN, P, and 

K. Theoretically, the perfect conservation of an element during phase separation and storage would 

induced a null ErrorMD. Guilayn et al. (2019b) considered that ErrorMD lower than 10% were small and 

indicated a conservative mass balance. Here, we mainly verified the conservation of MM, P, and K to 

assess the quality of digestate analysis, because those elements should not be degraded or lost during 

phase separation and storage. 

The interpretation of the mass balances at both digestion and post-treatment steps enabled the selection 

of a single study period, during which we evaluated SYS-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 (inputs, biogas production, digestate export, digestate 

analyses) were restrained to only one study period. Because they were not present in the SYS-Métha 

database, some waste inputs had to be grouped in the simulation. Thus, 15 types of inputs were 

considered in the model: mixed liquid sludge (38% of inputs, included liquid sewage urban sludge and 

some liquid effluent from agro-industry), cattle slurry (11%), waste from cereal storage (9%), solid 

secondary sewage sludge (8%), ovine manure (8%), cattle manure (7%), grease (7%, included solid and 

liquid grease), brown water (6%), equine manure (3%), grass silage (2%), whey permeate (1%), corn 

silage, vegetable wastes, cattle feed waste, waste from yeast production (<1% each). The absolute mass 

of inputs were proportionally adjusted from operational 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 database, without any calibration step. We then evaluated a 

second version of the model, called adjusted model to determine if adjustment of the waste 

characteristics enabled to improve model performances. In the adjusted model, we performed the 

following changes: 

- The DM content of cattle slurry was adjusted from 9% to 6%, based on measured data. VS, C, 

TN, TAN content, expressed in g kgTS-1, remained unchanged, as well as BMP, ANMP, and 

CH4:CO2 ratio in biogas. 

- Based on data collected from the managers, DM content of grease were also adjusted from 36% 

to 17%, similarly to slurry. The BMP of the grease was adjusted, from 975 Nm3 tTS-1 to 359 
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Nm3 tTS-1. Indeed, the grease included in the database is solid grease, whereas the input greases 

were a mix of liquid and solid ones. 

- The CH4:(CH4+CO2) volumetric ratio of the waste from cereal storage was adjusted from 58% 

to 45%, which corresponded to the ratio from other cereal residues in the database. To conserve 

the C degradation from the cereal wastes, we adjusted its BMP from 450 Nm3 tTS-1 to 350 Nm3 

tTS-1. This last value was more consistent with the BMP analyzed by the managers of the 

anaerobic digester for one of the main type of cereal waste (c.a. 300 Nm3 tTS-1). Indeed, the 

correspondence between real cereal wastes inputs and cereal waste described in the database 

was uncertain. Moreover, this waste produced half of methane from the digester, being a very 

sensitive waste that had to be calibrated to obtain a consistent biogas composition. 

The following outputs were compared to operational data: raw digestate characteristics before storage, 

liquid and solid digestate characteristics after storage, total fluxes of FW, DM, VS, C, TN, and TAN 

exported from the digester, biogas production and electrical power of the cogeneration facility. We 

evaluated the model by computing, for each variable of interest, the model error and relative error: 

(equation 5.10) �A�N�N�K�N�� L �5 F �1 

(equation 5.11) �N�A�H�=�P�E�R�A���A�N�N�K�N�� L
�Ì�?�È

�È
 

where S is the simulated value, and O the observed value. 

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 variations of inputs, biogas production, and HRT 

(Figure 5.1). Two candidate periods were selected. The first one strictly respected the stationary 

conditions; it lasted from 24th of December 2018 to 7th of April 2019 (15 weeks). The number of analyses 

during that period were 2 for liquid digestate, 1 for solid digestate, and 2 for raw digestate. The second 

candidate period lasted from 20th of August 2018 to 15th of September 2019 (56 weeks). It respected less 

strictly the stationary functioning; however, it integrated a longer period and more digestate analyses 

(3 for liquid phase, 2 for solid phase, and 3 for raw digestates).  

Despite the variation of inputs mass and biogas production, the proportions of the different categories 

of inputs were homogeneous during the three years (data not shown) and the digestate characteristics 

did not vary extensively (Table 5.2). 
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Figure 5.1 �± Investigation of period of stationary functionary using operational data from the digester. 
The 15-weeks candidate period (dark grey) and 56-weeks candidate period (light grey) were indicated 
in each subfigure. A) Weekly inputs in the digester. Dotted line represented the moving average of inputs 
along the 13 weeks. B)  Weekly biogas consumption. Dotted line represented the moving average of 
biogas consumption along the 13 weeks. C) HRT, computed every 28 days. D) Exports of liquid digestate 
(fresh weight). E) Exports of solid digestates (fresh weight). 
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Table 5.2 �± Digestate characteristics during the three years, and during the two candidate periods. 
Variation coefficient are indicated between brackets. VS, TAN, TN, P, and K content are given in g per 
kg of fresh weight. 

Period Digestate 
Number of 
analyses 

DM 
(%FW) 

VS 
(g kg-1) 

TAN 
(g kg -1) 

TN 
(g kg -1) 

P 
(g kg -1) 

K 
(g kg -1) 

15 weeks raw 2 6.1 
(1%) 

43 
(<1%) 

3.0 
(38%) 

4.5 
(3%) 

0.8 
(1%) 

4.0 
(7%) 

 liquid 2 4.7 
(7%) 

29 
(3%) 

2.2 
(14%) 

4.4 
(6%) 

0.8 
(22%) 

3.7 
(21%) 

 solid 1 19 152 0.8 6.1 2.8 3.4 

56 weeks raw 3 6.6 
(14%) 

46 
(11%) 

3.0 
(28%) 

4.8 
(13%) 

0.9 
(26%) 

4.1 
(8%) 

 liquid 3 4.7 
(7%) 

29 
(3%) 

2.2 
(14%) 

4.4 
(6%) 

0.8 
(2%) 

3.7 
(21%) 

 solid 2 21 
(15%) 

174 
(17%) 

1.3 
(54%) 

6.6 
(9%) 

2.8 
(3%) 

3.3 
(5%) 

3 years raw 7 6.6 
(9%) 

45 
(9%) 

2.6 
(25%) 

4.6 
(11%) 

1.0 
(17%) 

3.6 
(21%) 

 liquid 7 4.8 
(20%) 

29 
(17%) 

2.2 
(14%) 

4.4 
(13%) 

0.9 
(32%) 

3.4 
(26%) 

 solid 4 24 
(20%) 

203 
(24%) 

1.1 
(57%) 

6.4 
(6%) 

2.5 
(12%) 

3.3 
(17%) 
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Table 5.3 �± Mass balance during the two candidate digestion periods. 

 15-weeks period 56 weeks period 

minputs (tFW) 2488 8105 

mbiogas (t) 207 755 

�I �Ë�½
�Ü�á(tFW) 2281 7330 

mLD (tFW) 2040 7490 

mSD (tFW) 261 772 

�I �Ë�½
�â�è�ç(tFW) 2301 8262 

Mass balance error (t) 
�I �Ë�½

�Ü�áF �I �Ë�½
�â�è�ç 

-20 -932 

Relative mass balance error (%) 

�t
�I �Ë�½

�Ü�áF �I �Ë�½
�â�è�ç��

�I �Ë�½
�Ü�áE �I �Ë�½

�â�è�ç 
-1% -12% 

 FW: fresh weight. LD: liquid digestate. RD: raw digestate. SD: solid digestate 

 

Table 5.4 �± Errors in mass distribution (ErrorMD, %) during phase separation, for each element. Results 
are reported as the mean ± one standard error. During the 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 4.7 ± 14.0 
K -7.8 -11.9 ± 11.8 
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The fresh mass balance was perfectly closed during the 15-weeks period (Table 5.3). During the 

56 weeks period, there was more export of digestates than predicted from inputs and biogas production. 

The order of magnitude of the difference was 12%. The possible variations of stocks of digestates inside 

the lagoon or the digester between the beginning and the end of the period could explain the difference. 

The ratio of liquid fraction RLF was similar when considering both periods, and was 0.886 for the 

15 weeks period, and 0.907 for the 56 weeks period. Errors in mass distribution are indicated in 

Table 5.4. Because the number of analysis were low, ErrorMD was associated to high uncertainties. 

During the 56-week period, MM and P balances were close to 0: those two elements were probably 

better conserved during phase separation and storage. This result indicated a good consistency between 

raw digestates and liquid and solid digestates analysis. In that regard, the mass balance based on the 

15-week period was of lower quality, with high surplus of MM and P, without estimated uncertainty. 

DM, VS, TN, and K were conserved for both candidate periods. We observed a loss of TAN, which 

could be explained by N organization, or gaseous N losses (NH3, N2O, N2).  

Because of the good conservation of P and MM during phase separation and storage (Table 5.4), and 

despite larger error in fresh mass balance during digestion (that remained reasonable) (Table 5.3), the 

56-week period was selected to evaluate SYS-Metha. During this period the mean HRT was 115, which 

was consistent with the value of 100 days used in SYS-Metha. The characteristics of digestates used for 

SYS-Metha evaluation were the average of the characteristics 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. The simulated organic load rate was 1.8 kgVS m-3 d-1 

in the unadjusted model, and 1.6 kgVS m-3 d-1 in the adjusted model. The unadjusted model 

overestimated by 61% the biogas production (439 t). The proportion of CH4 inside biogas was also 

overestimated. The adjusted model still overestimated the biogas production by 40%, however the 

proportion of CH4 in biogas was better simulated.  

The simulated amount of produced raw digestate were well estimated (Table 5.5). The simulated 

amounts of exported liquid and solid digestates were underestimated from 12% to 15% for each phase 

(adjusted and unadjusted model), compared to observed data (Table 5.5). This error was in the same 

order of magnitude as the mass balance error in fresh weight (Table 5.3). 

The mass of outputs (raw digestate and biogas) exceeded inputs by 203 tFW (2.7% of inputs) and 

221 tFW (2.9% of inputs) for adjusted and unadjusted model, respectively (Table 5.5). This was in the 

same order of magnitude as model uncertainty. According to model hypothesis, the mass of gas was 

correct, and the surplus mass was located in the digestate. 
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Regarding total element flows, TS, VS, and TN were predicted with a correct accuracy of less than 20% 

error for both phases by the unadjusted model (Table 5.6). This error was comparable to the coefficients 

of variation of EOM characteristics (Chapter 3). The mineral matter was overestimated. Total TAN 

flows were well simulated in liquid digestate, and overestimated by 36% in solid digestate: this 

overestimation was low in absolute value, and not so important regarding model uncertainty. Adjusted 

model showed similar performance. However, TN flow was underestimated by 24% in the liquid phase. 

Considering unadjusted model, for raw digestate, TS, VS, TN, and TAN contents were overestimated 

by 25% to 30% (Table 5.7). However, it was consistent regarding model uncertainties. The simulated 

C:VS ratio of the digestates was greater than our assumption (C:VS = 0.5). As a results, C:Norg ratio was 

slightly overestimated. However, we did not measure the real C content in digestates and we cannot 

conclude if this is an error of the model or our own assumption. TAN:TN ratio was well simulated. The 

performance of the unadjusted model to simulate liquid digestate was similar to the one of raw digestate. 

TN and TAN contents in liquid digestate were well modelled. Considering solid digestate, TS, and VS 

contents were well modelled (relative errors below 8%). TN content was slightly overestimated by 19%, 

which was consistent with model uncertainty. TAN content was highly overestimated, causing the 

overestimation of TAN:TN contents.  

The adjusted model simulated the digestate characteristics with similar performance compared to 

unadjusted model (Table 5.7). As a result of the decrease in the BMP of some wastes, the overestimation 

of TS, and VS contents in raw and liquid digestate increased. The TS and VS contents in raw and liquid 

digestate were inside the range of uncertainties of the model. Those results illustrated the difficulty to 

adjust biogas production without affecting digestate characteristics, in a context where information on 

inputs is limited. 

Globally, the model had a good performance to simulate N 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 during the 56-week period: inputs, digestates, and biogas. Simulated variables are indicated as: 
mean ± uncertainty. Relative errors (RE) are indicated on the second line, in percentage of observed data. 

Type 
Inputs 
(tFW an-1) 

Biogas 
(tFW an-1) 

CH4 in 
biogas 
(103 Nm3) 

CO2 in 
biogas 
(103 Nm3) 

Raw digestate, before 
post-treatment  
(tFW an-1) 

Liquid digestate, 
export  
(tFW an-1) 

Solid digestate, 
export  
(tFW an-1) 

All digestates, 
export  
(tFW an-1) 

Measure 7547 722 287 274 6825 6974 719 7693 

Unadjusted model 
RE 

7546 
 

1161 ± 121 
61% 

617 ± 60 
115% 

367 ± 58 
34% 

6588 ± 131 
-3% 

5899 ± 178 
-15% 

619 ± 60 
-15% 

6518 ± 239 
-15% 

Adjusted mode 
REl 

7547 
 

1021 ± 90 
41% 

396 ± 43 
38% 

376 ± 43 
37% 

6747 ± 120 
-1% 

6041 ± 163 
-13% 

633 ± 55 
-12% 

6673 ± 218 
-13% 
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Table 5.6 �± Measured and simulated nutrient and mass flows in digestates during the 56-week period, expressed in t. Observed values are indicated 
as mean ± standard error: standard errors were derived from digestate characteristics, no error could be estimated on fresh mass flows. Simulated values are 
reported as simulation results ± uncertainty. Relative errors (RE) are indicated on the second line, in percentage of observed data. 

Digestate Type Fresh mass TS VS MM TN TAN 

Liquid digestate measure 6974 325 ± 13 204 ± 11 121 ± 8 31 ± 3 15 ± 1 

 
unadjusted model 
RE 

5899 ± 178 
-15% 

352 ± 89 
8% 

202 ± 70 
-1% 

151 
25% 

25 ± 5 
-20% 

13 ± 3 
-14% 

 
adjusted model 
RE 

6040 ± 163 
-13% 

371 ± 82 
14% 

222 ± 64 
9% 

149 
23% 

24 ± 5 
-24% 

12 ± 3 
-17% 

Solid digestate measure 719 154 ± 18 125 ± 15 29 ± 4 4.7 ± 0.6 0.9 ± 0.3 

 
unadjusted model 
RE 

619 ± 60 
-14% 

141 ± 36 
-9% 

99 ± 35 
-20% 

41 
42% 

4.8 ± 1.1 
2% 

1.3 ± 0.3 
36% 

 
adjusted model 
RE 

633 ± 55 
-12% 

148 ± 33 
-4% 

109 ± 31 
-12% 

39 
33% 

4.6 ± 1.0 
-2% 

1.2 ± 0.3 
31% 
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Table 5.7 �± Simulated characteristics of digestates during the 56-week period, on a fresh weight basis (simulation result ± uncertainty). Observed values are 
indicated as mean ± standard error. Relative errors (RE) are indicated in percentage of observed data. 

Digestate Type TS 
(%FW) 

VS 
(g kgFW-1) 

C :VS ratio 
 

TN 
(g kgFW-1) 

TAN 
(g kgFW-1) 

C:Norg ratio 
 

TAN:TN ratio 
 

Raw digestate observed 6.6 ± 0.5 46 ± 3  4.8 ± 0.4 3.0 ± 0.5 13 ± 7 0.62 ± 0.11 

 unadjusted model 
RE 

8.6 ± 2.1 
30% 

57 ± 19 
23% 

0.62 6.1 ± 0.3 
26% 

3.9 ± 1.0 
29% 

16 
25% 

0.64 ±0.16 
2% 

 adjusted model 
RE 

8.8 ± 1.9 
34% 

61 ± 17 
32% 

0.64 5.7 ± 0.3 
18% 

3.7 ± 0.8 
22% 

19 
49% 

0.64 ±0.16 
3% 

Liquid digestate observed 4.7 ± 0.2 29 ± 0.4  4.4 ± 0.2 2.2 ± 0.2 6 ± 1 0.48 ± 0.05 

 unadjusted model 
RE 

6.0 ± 1.5 
28% 

34 ± 12 
17% 

0.61 4.2 ± 0.9 
-6% 

2.2 ± 0.5 
2% 

10 
63% 

0.52 ± 0.18 
8% 

 adjusted model 
RE 

6.1 ± 1.4 
32% 

37 ± 11 
25% 

0.62 3.9 ± 0.8 
-12% 

2.1 ± 0.5 
-4% 

12 
93% 

0.53 ± 0.17 
9% 

Solid digestate observed 21 ± 2 174 ± 21  6.6 ± 0.4 1.3 ± 0.5 16 ± 2 0.20 ± 0.6 

 unadjusted model 
RE 

23 ± 6.2 
6% 

161 ± 58 
-8% 

0.59 7.8 ± 2 
19% 

2.0 ± 0.5 
58% 

16 
-1% 

0.26 ± 0.13 
33% 

 adjusted model 
RE 

23 ± 5.6 
9% 

173 ± 52 
-1% 

0.60 7.3 ± 2 
11% 

1.9 ± 0.5 
49% 

19 
17% 

0.26 ± 0.11 
34% 
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5.3.3 Modelling gaseous emission during storage 

The gaseous emissions during storage are indicated in Table 5.8. CH4 and NH3 emissions mostly 

occurred during storage of liquid digestate.  CH4 emissions during storage of liquid digestate 

corresponded to 4% to 6% of the produced biomethane for unadjusted and adjusted model, respectively. 

Gaseous emissions were similar for unadjusted and adjusted models. Without phase separation, the 

storage of raw digestate would emit 11 t CH4-C and 9 t NH3-N.  

The used emission factors for NH3 and N2O relatively to initial TAN are displayed in Table 5.1. For 

solid digestate, the emission of NH3 and N2O 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) NH3 (tN) N2O (tN)  CH4 (tC) NH3 (tN) N2O (tN) 

Unadjusted model 14 ± 27 10 ± 3 0  0.2 ± 0.1 0.7 ± 0.3 0.20 ± 0.10 

Adjusted model 13 ± 19 10 ± 2 0  0.3 ± 0.1 0.6 ± 0.3 0.20 ± 0.09 

 

5.4 Discussion 

5.4.1 Mass balances of anaerobic digesters 

Several studies realized a mass balance during anaerobic digestion, to assess digester performance 

(Banks et al., 2011; Chen et al., 2014; Pognani et al., 2012; Schievano et al., 2011), or to evaluate struvite 

precipitation (Marti et al., 2008). The mass balance concerned fresh matter, but also TS, VS, C, N, P, K, 

or even Mg, often with a few number of well characterized inputs (Banks et al., 2011; Marti et al., 2008). 

Here, due to missing information about the inputs, we were only able to evaluate a fresh mass balance 

during digestion. The fresh weight mass balance error obtained in this study was similar to the one 

reported in other studies (Banks et al., 2011; Schievano et al., 2011). 

5.4.2 Performances of SYS-Metha compared to other anaerobic digestion 

models 

Bareha et al. (2021b) evaluated the SYS-Metha model on several pilot-scale and real-scale digesters. 

They found on average good agreements between measured biogas production and digestate 

characteristics, with r2 equal to 0.76, 0.92, 0.91, 0.72, and 0.78, for the evaluation of TS, VS, C, TN and 

TAN contents, respectively, with absolute bias lower than 10%. This chapter aimed at investigating the 

evaluation of SYS-Metha model on a single anaerobic digester, with numerous poorly characterized 

inputs. Thus, the results are much less powerful than the validation across several digesters.  
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