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NOMENCLATURE
X - reservoir porosity
X - porosity of clean reservoir without bacteria
X - phase = water, gas

X -chemical component g1CQ, CH, HO)

X ngandna - volume fractions of mobile and fixed (biofilm) microorganisms

X ner vpu @& }( u] €} ] o o0 v 8} o}P %9 EE A 50 (@Hie
X - molar fraction of component k in phase

X - phase saturation

X - average velocitin phaser

X - gravity acceleration vector

X - absolute permeability

X - % Eu ]0]SC }( owithout baateria
X - relative permeability for phase

X - pressure ophaser

X - capillary pressure

X - phase molar density

X - mass density

X - dynamic viscosity gfhaser

X - bacterial diffusion

X - molecular diffusiof component k in phase

x R, Rtec rates of bacterial growth and decay
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x

, - rates of bacterial growth and decay per one bactefisinCelf]
- rate of production or disappearance of componknt
- characteristic time of decay
- characteristic time of growth
- rate ofattachment per one bacterium
- rate ofdetachment per one bacterium
- pore diameter

- average bacterium diameter

- efficiency of attachment

dr- is the characteristic diameter of a pore
- attachment probability after a collision

- Boltzmann constant

T ttemperature
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ABSTRACT

In the era of energy transition and in connection with the international agreement on the transition
to a climateneutral economy by 2050, intensive research is being carried out around the world
on renewable energy sources. Due to the intermittent andediofable nature of their

functioning, the problem of storing excessively produced energy becomes a highly important
problem. We are currently talking about a large capacity for storing large amounts of electricity
coming from photovoltaic cells and windi. Since electricity is mutually converted to

hydrogen and vice versa, storing it in geological strata in the form of gas becomes the optimal

solution.

The conversion of electricity into4¢an be done by electrolysis. The process is reversible using
fuel cells, where hydrogen is converted into electrical current. We obtain the chain:-gower
gas- to power. As a result, there are virtually no greenhouse gases, which can tead to

decarbonization of the transport sector and enargysive industes.

In this thesiswe analye the storage of hydrogen in underground porous media, which can be

aquifers, or depleted gas reservoirs, esexages of natural gas.

The subject of this thesis is the hydrodynamic analysis of transport of injectedngastsrage

coupled with bacterial dynamics. As shown in previous studies, hydrogen is intensively
consumed by various types of bacteria, which transform it into methane, for example. The cross
effects of bioreactions and transpdeterminethe formationof complicated spatial structures

called patternsthat lead to a nonuniform distribution of hydrogen over the domain. Our main
attention was focused on the impact of medium heterogeneity on pattern formation. Two types

of heterogeneity were analyzed: kR XEOH SRURVLW\ LQ WHUPV RI WKH PD
model, and the heterogeneity induced by bacteria, growth of which creates thefzeae@d

permeability or even completely clogged pores.
The thesis consists of three chapters.

The first chapr is an introduction to the technology of underground hydrogen storadpoand

methanationIn addition, itpresents biochemical effects that were observed in real storages of
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hydrogen, including the effect of pattern formatiddditionally, it provides aeview of existing

classical mathematical modelble to generatpatterns and explain their origin.

The second chapter is devoted to the analysis of spatiotemporal patterns formation and the
conditions of their emergence in underground hydrogen storage. Wewstiarta short
introduction to multicomponent twphase flow in porous media with chemical teats, and to

the theory of patterns in dynaralsystems. We examine next homogeneous media and develop
the technique of stability analysis of diffustogaction systems in application to the transport
phenomena in an underground storage of hydrogeaer tiis, we anabke double porosity media

and the impact of the natural reservoir heterogeneity on the criteria of pattern existence. Next,

we carry out a numerical simulation to capture the regimes when these criteria are verified.

In the last chapter, wanalyze the impact of the medium heterogeneity induced by bacteria on
hydrogen transport. A growing population of microorganisms leads to partial or complete pore
clogging, reduction of the medium permeability in the zones of bacterial activity. Thisesdu
spatial heterogeneity of the medium, as well as the medium anisotropy since the effect of pore
clogging occurs preferably in the direction of bacteria propagatiordéVelop theconceptual
modelof bio-clogging and bieplugging, whichincorporates the effects of attachment of bacteria

to pore walls and detachment. Several mechanisms of attachment/detachment are examined. The
decrease in permeability has an impact on several parameters-phaseflow, such as the
capillary pressure. We also arnadythe impact of bielogging on the efficiency of hydrogen
conversion into biomethane. The analysis is perfornuedemically usinghe simulator DuMg,

open scientific software for flow in porous medigyveloped at the University of Stuttgart and

based on Dune developed by Heidelberg.
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KURZFASSUNG

Im Zeitalter der Energiewende und im Bezug auf die internationale Vereinbarung fur den
Ubergang an eine klimaneutrale Wirtschaft bis 2050 wird weltiméginsiv an erneuerbaren
Energiequellen geforscht. Da sie unstetig und unvorhersehbar funktionieren, ist das Problem der
Speicherung von Uberschissig produzierter Energie von Wichtigkeit. Derzeit geht es um eine
grol3e Kapazitat fiur die Speicherung groRengen von Strom aus Photovoltaikzellen und
Windradern. Da Strom in Wasserstoff umgewandelt wird und umgekehrt, ist die Speicherung in
geologischen Schichten in Form von Gas die optimale Losung. Die Umwandlung von Strom in
H2 kann durch Elektrolyse erfolgeDer Prozess ist mit Hilfe von Brennstoffzellen reversibel,
wobei Wasserstoff in elektrischen Strom umgewandelt wird. Wir erhalten die Kette: -Sttom

Gas - zu Strom. Infolgedessen entstehen praktisch keine Treibhausgase, was zur

Dekarbonisierung desérkehrssektors und der energieintensiven Industrien fiihren kann.

In dieser Arbeit wird die Speicherung von Wasserstoff in unterirdischen por6sen Medien
untersucht, bei denen es sich um Aquifere, erschopfte Gasreservoirs oder ehemalige

Erdgaslagerstatterahdeln kann.

Gegenstand dieser Arbeit ist die hydrodynamische Analyse des Transports von injizierten Gasen
in einem Speicher, gekoppelt mit bakterieller Dynamik. Wie in friiheren Studien gezeigt wurde,
wird Wasserstoff intensiv von verschiedenen Bakterienarten verlyaliehhn beispielsweise

in Methan umwandeln. Die Kreuzwirkungen von Bioreaktionen und Transport bestimmen die
Bildung komplizierter rAumlicher Strukturen, die als Muster bezeichnet werden und zu einer
ungleichmafigen Verteilung des Wasserstoffs Gibebdiaéne fiihren. Unser Hauptaugenmerk

lag auf den Auswirkungen der Heterogenitat des Mediums auf die Musterbildung. Es wurden
zwei Arten von Heterogenitat analysiert: die doppelte Porositat im Sinne des makroskopischen
BarenblattModells und die durch Bakten verursachte Heterogenitat, deren Wachstum Zonen
mit verringerter Permeabilitdt oder sogar vollstandig verstopfte Poren schafft. Die Analyse wird
numerisch mit dem Simulator DuMuwurchgefiihrt, einer offenen wissenschaftlichen Software
fur die Strémungn porésen Medien, die an der Universitat Stuttgart entwickelt wurde und auf

dem von Heidelberg entwickelten Dune basiert.
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RESUME

A l'ere de la transition énergétique et en lien avec I'accord international sur la transition vers une
economieclimatiquement neutre a I'horizon 2050, des recherches intensives sont menées dans le
monde sur les énergies renouvelables. Du fait du caractére intermittent et impreévisible de leur
fonctionnement, le probleme du stockage de I'énergie produite en exigg devprobleme tres
important. On parle actuellement d'une grande capacité de stockage de grandes quantités
d'électricité provenant de cellules photovoltaiques et d'éoliennes. L'électricité étant mutuellement
convertie en hydrogéne et inversement, sonksige dans les couches géologiques sous forme

de gaz devient la solution optimale.

La conversion de I'électricité renouvelable enpldut se faire par électrolyse. Le processus est
réversible a l'aide de piles a combustible, ou I'hydrogéne est convedurmt électrique. On

obtient la chaine : powerto gas- to power. En conséquence, il n'y a pratiquement pas de gaz a
effet de serre, ce qui peut conduire a la décarbonation du secteur des transports et des industries

énergivores.

Dans cette thése, n@analysons le stockage de I'hydrogéne dans des milieux poreux souterrains,
qui peuvent étre des aquiféres, ou des réservoirs de gaz épuisés, otsibekames de gaz

naturel.

Le sujet de cette thése est l'analyse hydrodynamique du transport des ¢@s idgs un
stockage couplé a la dynamique bactérienne. Comme le montrent les études précédentes,
I'hydrogéne est consommé de maniere intensive par différents types de bactéries, qui le
transforment en méthane par exemple. Les effets croisés dedabibns et du transport
conduisent a la formation de structures spatiales complexes appelées modeéles qui conduisent a
une distribution non uniforme de I'nydrogene sur le domaine. Notre attention principale s'est
concentrée sur l'impact de I'hétérogénéité mogesur la formation de motifs. Deux types
d'hétérogénéité ont été analysés : la double porosité, selon le modele macroscopique de
Barenblatt, et I'nétérogénéité induite par les bactéries dont la croissance crée la zone de pores

réduits voire totalement otraés.

La these se compose de trois chapitres.
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Le premier chapitre est une introduction a la technologie du stockage souterrain de I'hydrogéne
et de la biométhanisation. De plus, il présente des effets biochimiques qui ont été observés dans
des stockagesels d'hydrogéene, y compris I'effet de formation de motifs. De plus, il fournit un
examen du modéle mathématique classique existant capable de générer les modeles observés et

d'expliquer leur origine.

Le deuxieme chapitre est consacreé a I'analyse denteafion des patrons spatiemporels et des
conditions de leur émergence dans les stockages souterrains d’hydrogene. Nous commencgons par
une breve introduction a I'écoulement diphasique reolthposants en milieu poreux avec
réactions chimiques, et a la thie des motifs dans les systémes dynamiques. Nous examinons
ensuite des milieux homogénes et développons la technique d'analyse de stabilité des systemes
de diffusionréaction en application aux phénomenes de transport dans un stockage souterrain
d'hydrogne. Aprés cela, nous analysons les milieux a double porosité et l'impact de
I'nétérogéneéité du réservoir naturel sur les criteres d'existence du motif. Ensuite, nous effectuons

une simulation numérique pour capturer les régimes lorsque ces critéreér@. v

Dans le dernier chapitre, nous analysons l'impact de I'hétérogénéité du milieu induite par les
bactéries sur le transport de I'hydrogéne. Une population croissante d@rgemgsmes entraine

un colmatage partiel ou total des pores, une diminufi® la perméabilité du milieu dans les
zones d'activité bactérienne. Ceci induit une hétérogénéité spatiale du milieu, ainsi que
I'anisotropie du milieu, puisque l'effet de bouchage des pores se produit de préférence dans le
sens de propagation des baietgrNous développons le modéle conceptuel dicbimatage et

du biobouchage, qui intégre les effets de I'attachement des bactéries aux parois des pores et du
détachement. Plusieurs mécanismes d'attachement/détachement sont examinés. La diminution de
la perméabilité a un impact sur plusieurs parametres de I'écoulement diphasique, comme la
pression capillaire. Nous analysons également I'impact du biocolmatage sur l'efficacité de la
conversion de I'hydrogéne en biométhane. L'analyse est réalisée numénigaelagde du
simulateur DuMd, un logiciel scientifique ouvert d'écoulement en milieu poreux, développé a

I'Université de Stuttgart et basé sur Dune développé par Heidelberg.
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RESUME ELARGI

Les émissions élevées de dioxyde de carbone et d'autres gaz a effet de serre (protoxyde d'azote
N20, hydrofluorocarbures HFC...) dans I'atmosphere ont fortement contribué au réchauffement
climatique. La derniére conférence des Nations unies sur le chamgelimeatique a Paris

&23 VIHVW IL[p XQ GplL XUJHQW GH UpGXLUH OHV pPLVVLF
PRLWLp GTLFL HW j ]JpUR G LFL &RQIRUPPpPHQW j O REM
climatique d'ici 2050, les secteurs edgrtWLTXHV VH WRXUQHQW GH SOXV HQ S
énergies électriques renouvelables. Toutefois, les ressources renouvelables sont de nature
fluctuante et difficilement prévisible. Leur capacité de production provoque des surplus qui
devraient &g stockés pour éviter de les perdre. Le déploiement croissant des éoliens et des
FHOOXOHV SKRWRYROWDWTXHV VXU OD VXUIDFH GX VRO HPF
produite excessivement, ce qui demande de grandes capacités de stockageelséonote
OfpOHFWULFLWpP H[FHVVLYH HQ JD] K\GURJgQH HW VRQ VWR
ou des strates géologiques poreux est la meilleure solution pour stocker de grandes quantités
GIpQHUJLH
La conversion de I'électricité renouvelalele hydrogéne (Powetto Gaz) se fait, en effet, en
séparant les molécules d'eau a l'aide d'électricité (électrolyse). Cet hydrogéne, produit par la
WHFKQLTXH GH OfpOHFWURO\VH GpSRXUYXH GH WRXWH pPLV
». Le praessus est réversible : la reconversion gerteélectricité (Powetto Gaz +to Power)
se passe dans une pile a combustible, dans laquelle les électronsedsdgarent des protons
qui passent a travers une membrane imperméable pour les électrass,étdctrons libres
forment un courant électrique capable de produire un travail utile. Ces deux conversions ne
produisent pratiguement pas de gaz a effet de serre.
La reconversion de HHQ pOHFWULFLWp QTfHVW SDV XQH VHXIOH SRVVI
eégalement étre converti en méthane en le faisant réagir avee,lée@@ocessus connu sous le
nom deméthanationOn distingue deux types de ce procesksasnéthanation chimiquse passe
j KDXWH WHPSpUDWXUH 8 f& HWe ebQt eStU-pMGEQEsHKWE LaQ FDWD
bio-méthanatiorest effectuée par des bactéries méthanogénes qui utilisettd@ pour leur
métabolisme et produisent du ©ét de I'eau. Elle se passe a basse température (35°C) et pression
(90 bar) et colte beaucoup meicher que la méthanation chimique. La-tméthanation peut
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étre réalisée dans les strates géologiques s{tu biomethanation ou les conditions
thermodynamiques sont favorables. Le concept de la biométhanation in situ a été introduit en
premier dans [Pditov 2010], [Panfilov, Reitenbach, Ganzer, 2016].

La biométhanation in situ était observée dans le stockage du gaz de ville a Lobodice, situé dans
le bassin de la vallée de Hornomoravsky, en République Tchéque. Outre la variation de la
composition du gaz stocké dans le temps, qui était en accord agactlam de bianéthanation,

on observait le phénoméne de formation des zones spatiales sursaturées en hydrogéne, et autres
zones sursaturées en méthane. Ces structures représenpattestesgui sont typiques pour des
systemes de réactiatiffusion et ®nt souvent observées dans les processus accompagnés par

une activité de microorganismes.

/ITIDQDO\WH TXH QRXV DYRQV HIIHFW X p HégdRf XlahsQrHstoc®ddd®R F H V V X\
souterrain de HGPPRQWUH OYDSSDULWLRQ GdansS ahXxeVsystetiéVuW\SHYV G
pattern stable en espace et stationnaire dans le temps, un pattern uniforme en espace, mais
RVFLOODQW SpULRGLTXHPHQW HW VDQV FHVVH GDQV OH WHP
temps simultanément. L'existence d#ete structures signifie une hétérogénéité spatiale de
OTK\GURJgQH HW GX PpWKDQH FH TXL VLJQLILH TXH OD PpW
YROXPH HQWLHU GX VWRFNDJH 6L OfREMHFWLI HVW GH SUR«
pascompleH 6L OYREMHFW L ét ld ¥oWeGiHengueReR Blédtcite, les patterns sont

un phénomene plutdt positif si on peut augmenter la taille des zones occupégs par H

$LQVL OHV FULWQUHV GTH[LVWHQFH GH SPMMXY QN LHV WHWQ

uniquement purement théorique.

3RXU FRQYHUWLU WRXW O 1K\ GiRJdaasha ¢dQp@siiod HUparkhje@H UDS S|
devrait correspondre aux coefficient6W ° F K L R P geNldJréaction tfe méthanation. Un tel

rapport devraiétre maintenu uniformément dans tout le réservoir. Ce serait le meilleur scénario,

TXL JDUDQWLUDLW XQH KDXWH TXDOLWp GX JD] SURGXLW
I'efficacité du processus de méthanation. Afin d'éviter leur apparition, noas affectué une

analyse mathématique et numérigue qui nous a permis de détecter les criteres de leur apparition.

8Q GHV SUREOgPHYVY OHV SOXV LQWpUHVVDQWY GDQV OD WKj

spatietemporels qui représentent des fluctians périodiques dans le temps et des mosaiques
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périodiques en espace simultanément. Notre recherche était focalisée essentiellement sur ce

probleme.

/H SRLQW FHQWUDO GH OD WKgqVH pWDLW FRQVDFUp j OfLPSD
Nous avons analysé un milieu de double porosité décrit par un modeéle macroscopique dans lequel
OHV IUDFWXUHYVY HW OHV EORFV VRQW GHX[ FRQWLQXXPV FRH
et des bactéries. Les échanges étaient décrits par le modele eB&® WW /H SDUDPgWUH (
(the exchangerate MRXH OH U{OH GYfXQ SDUDPqQWUH UHVSRQVDEOH S
PLOLHX HVW KRPRJqQH FH SDUDPgWUH VIDQQXOH /YfLQWHUI
mosaiques causees par les plhégrees de réactiediffusion est non triviale et peu étudiée dans

la littérature. Nous avons trouvé un effet suivant.

Dans un systéme de double porosité classique, juste la diffusion sans réactions, son
comportement apres une perturbation initiale esMfLO WHQG YHUV XQ V\VWqPH |
concentrations dans les fractures et les blocs tendent vers une seule valeur limite. Si on rajoute

une beUpDFWLRQ DORUV LO H[LVWH SOXVLHXUV SRVVLELOLWp
identiqueou lesdeux concentrations ; le systeme tend donc vers un systéme homogeéene, comme

dans le cas classique. En méme temps, il existe une autre solution qui ne tends plus vers un
systéme homogene. Les concentrations dans les fractures et les blocks forment desx patte
GLIIpUHQWY 1RXV DYRQV WURXYp OHV FULWQUHV H[DFWV G|

/IH PLOLHX GH GRXEOH SRURVLWp j OfpFKHOOH QRQ PDFURVF
DYRQV PRQWUp OTDSSDULWLRQ GYDXW Utttés dabsViewhddel®@ V.- T XL C
macroscopique : ce sont des flaches de concentrafibnapparaissent et disparaissent

instantanément en courant a travers tout le domaine de fagon trés chacigléng flashes

'DQV OH GHUQLHU FKDSLWUSD FQ\R &Y XOYHR K v WDpQRA p\Qp OW b PG X F
GHV EDFWpULHYV VXU OH WUDQVSRUW GH OYK\GURJqQH GDQV
FUppH SDU OD FURLVVDQFH GH OD SRSXODWLRQ PLFURELHQQ
pores, le colmaige des pores, et la réduction de la porosité et permeéabilité du milieu. Cela se
passent uniguement dans des zones peuplées par les bactéries, et dans les directions de leur

propagation, ce qui provoque aussi une anisotropie induite.
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Dans ce contexte, nsuavons développé un modeéle conceptuel de bio colmatage et son
implémentation dans un modéle numérique tridimensionnel congu pour simuler le transport
réactif couplé a la dynamique de bactéries. Ce modele et ce code peuvent également étre
appligués a d'atgs formes d'écoulement en milieux poreux. Comme la base de notre code, nous
avons utilisé un logiciel scientifique a accés libre destiné a la simulation des écoulements

multiphasique et muktomposant en milieux poreux développé a I'Université de Stuttga

1RXV DYRQV PRQWUp TXH OTKpWpURIpQpLWpPp LQGXLWH SDU
transport du gaz. En effet, si on injecte un gaz dans un aquifére, ce gaz va vite remonter vers la
surface 8 VIpWDODQW VRXV |IRUPH -d&§cdQde¢ |1® ktcikie GavlEdickied D X
&UpDWLRQ GRQF GYfXQ YUDL VWRFNDJH GH JD] GHYLHQW SUR
étant le plus actives le long des lignes de courant ascendantes du gaz, eltetesrbeuchons

sur les trajets verticaux, en forcant le gaz de se propager horizontalement. Ainsi, la propagation

duee OTK\GURJqQH GDQV XQ UpVHUYRLU GHYLHQW SOXV UpJXOLc

La théseestdivisée en trois chapitres.

Le premier chapitre est une introduction a la technologie du stockage souterrain de I'hydrogéne
et de la biométhanation. Il présente aussi les effets biochimiques qui se produisent dans un
stockage souterrain de I'nydrogéne et fournit une revue sur l®des mathématiques de

détection des patterns.

Dans le deuxieme chapitre, nous portons notre intérét sur la formation de patterns, initialement

dans un milieu homogene, ensuite dans un milieu de double porosité. Les patterns spatio
temporels et les conthns de leur existence sont notre objectif majeur. Une simulation
numérique a la fin du chapitre a pour objectif de capturer les patterns et voir leur forme dans le
GRPDLQH GH OHXU H[LVWHQFH SUpGLW SDU OYDQDO\VH WKpR

Dans le dernier chapitre, nonsus concentrons sur le développement d'un modéle conceptuel
du colmatage des pores dus aux activités microbiennes. Le modéle doit incorporer le transport
bioactif, le détachement/piégeage microbien, la croissance bactérienne et le biocolmatage. Le
chapite contient l'implémentation numérigue du modéle dans le simulateur DuMuX, un logiciel
scientifique open source développée a I'Université de Stuttgart et basé sur Dune développé par
Heidelberg
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1.1. INTRODUCTION

This chaptermprovides a general introduction tto the technology of underground hydrogen
storage and biomethanatidn addition, itpresents biochemical effects that were observed in

real storages of hydrogen, including the effeqbattern formation.
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In the firstsection we describéhe energetic stakes of hydrogen storage and the general physics
of natural hydrogen reservoirsdescribed. In particulawe explainthe instabilities present in
these reservoirs, coming from bacsetinat transform the reservoir into a bioreactde show

that the complex dynamics correspond to those obtained for known redi¢tision equations
which lead in particular to the formation of concentration patterns and temporal oscilltens.
discuss in the second part of this chapter the different sjgaiporal bifurcations that allow to
describe the physical mechanisms and the formation of these patterns.

1.2. TYPES OF HYDROGEN STORAGES

The production of electricity from renewable sourbes fluctuant nature and is frequently
produced in excess. This requiredasge amount ofstorage capacity to store the energy
(electricity) excessively produced’he conversion of this electricity into a gasz)Hand
underground storage of this gas imiggical formations is the best option to statarge amount

of energy. The choice of geological structures for underground hydrogen storage should be well
detailed to avoid that hydrogen escape beyond the cap(foeksod Zivara et al. 20201n this
context, recent research projeuetsre launched such aslyINTEGER(2016), Underground

Sun Storage (2012)HyUnder (2012) H2STORE(2012)to investigate the feasibility of the
process taking security, capacitgeobiophysicochemical featuresto accant (Birger
Haguemanret al.2017). In this technology, to store hydrogen means to store electricity. After

storing, B is extracted and reconverted into electricity in fuel cells.

Another possibility to store hydrogen has the objective to convatbitnethane, which is done

by methanogenic bacteria inhabiting the porous rocks. In this ttasstored gas is considered
as a fuel that will be finally burnddr heating and lighting. As the energy potential of methane
is higher than that of hydrogesuch a conversion means gas enrichment. To initiate the
methanation reaction bacteria also need,@@ich can be also injected together with hydrogen.

In this case, we deal with an in situ methanation reactor.

Three majotypes of undergroungasstoragéreactorsexist salt cavers, aquifers, and depleted
gas/oil reservoirs
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Figurel-1 Map for the implementation of underground hydrogen and methanation storage (European power to gas
report)

(@) (b) ()

Figurel-2 Three major types of underground gas storage: (a) depleted gas/oil reservoirs, (b) salt cavern, and (c)
aquifers
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Underground gas storage type

Depleted fields Salt caverns Aquifers
Highly porous and permeable Very porous and permeable Porous and permeable
Very high- high storage : : : :
capacity High storage capacity Higheststorage capacity
Successfully tested with nature ~ Successfully tested with Successfully tested with pure
gas mixture natural gas mixture hydrogen and other gases

Do not react with hydrogen HLJK SRWHQWLDO

Low bacterial activities interaction withtherocks, fluids,
because of the higher and microorganism
concentration of brine

Allow higher injection and
withdrawal rates

Maximum operating
pressure: 20 MPa
Geological settings already we
known
Table 1Comparison of types of underground gas storage (A. Ebrahimiyekta 2017)

Underground hydrogen storage and biomethanationstorage require different geological

conditions, which are summarized in the followiagle:

Technology
. Underground Underground bio-
Properties X
hydrogen methanation
Purpose storage Conversion and storage
Gas H> pure CHa, H; and CO
Underground storage type Porous rock or sattavern Porous rock
Depth, m < 3500 < 2000
Permeability, mD > 50
Porosity >0.1
Table 2 Comparison of underground hydrogen storage and underground biomethanation storage(G. Strobel et al.
2020)
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*Depleted gas reservoir

Table 3 Worldwide hydrogen storage potential sites (D. Zivar et al. 2020)

1.2.1. Hydrogen as the energy carrier. Hydrogen and electricity

Operating site Storage type  Depth [m] Working Conditions
Lobodice,Czech Republic Aquifer 430 50 4559 bar 2545°C
Rough gas storage facilityyK DGR* 2743 - 50- 60 bar -

Kiel, Germany Salt cavern - 60 80-100 bar -
BeynesFrance Aquifer 439 50 - -
Underground Sun Storaggustria DGR* 1000 10 78 bar 40°C
Mount Simon aquiferCanada Aquifer 800 - 76 bar -

Tuz Golu gas storage sitBurkey Salt cavern 1100- 1400 - 220 bar -

Lille Thorup, Denmark Salt cavern 1270-1690 - 50 £100 bar 40 #50 °C
Hychico, Argentina DGR* 600- 800 Pure 25 bar -

Hydrogenand electricity are twaides of the same coin. Hydrogen is expettedecome the

principal energy carrieby 2050(Marc A. Rosen et al. 20)4The conversion of renewable

electricity into hydrogen Hcan be done by separating molecules of water using electricity

(electrolysi3. The process iseversible(i.e., power to make gas to make poweq that the

inverse conversion of the electricity into hydrogeursin fuel cells. Thisresuls in virtually

zero greenhouse gas. The produced hydrogehigHa carborfree fuel that can lead to the

decarbonization of the transport sector and engrgnsive industrieddydrogen can be used as

a clean fuel cell enabling emissifnee industrial, RPPHUFLDO WUDQVSRUWDWLRQ«

transported in large volume and provide an infinite supply. Howgvevjding hydrogen aa

lower costis still achallenging issueCffice of Energy Efficiency & Renewable Energy of JUS
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Figurel-3 Power to gas concept (European power to gas report)

1.2.2. Hydrogen as source of methane.

The term nethanatiorrefers to the reaction of hydrogenation of Carbone dioxide to generate
methaneCHs. Thereactionwas discovered in 1902/ Paul Sabatier and J.B. Sendersens. In the
presence of catalysthydrogen and carbodioxide react ahigh temperaturesand produce
methane and watefMartin Seemann et al. 2019

The methanation process can be realiredwo different mannerssynthetically (chemical
methanationDW KLJK WHPSHUDWXUHV 8§ f & D Qdatalys@rwhishH SUHV HC
FDQ FRVWYV | cufibRRbackeria (bio methanation) that initiate the chemical reaction
andRSWLPL]H WKH SURFHVY DQG UHDOL]H LWrhe lasté&deWWHP SHU |
cost the industry less than the previous owath the cevelopment of renewable electricand

energy storage solutisnbiomethanation is becoming more and more consideret et A.

Dagle et al. 201)1 ThelastUnited Nations Climate Change Conference in Paris (CP#&d

an urgenthallenge ofowering carbon emissions from electricity supply to nearly zero by 2050

(European Power to gad hebiomethanation providaarealisticway to recycle carbon through
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the conversion of CO2 into methane acohstituts a promising solution toward carbon

neutrality goals.

Figurel-4 McPhy project

1.2.3. Hydrogen and methaneproperties

Generally hydrogen has a low ignition temperature and a wide flammability range, making leaks
a significant hazard fdire and explosiorfPortarapillo et al. 2091Knowledge of the physical
properties of Hydrogen and methane allows for safe and successful stdragmmergy content

of hydrogens more than 2imes higher than that oiethanemaking it the fuel with thighest
energy content per unit masdompared to methane, hydrogen gas is eight times less dense than
methane at ambient temperature and pressure which requires a higher gfessiva et al.

2020. The lower viscosity of hydrogenduces higher mobility of hydrogen and higher removal
efficiency compared to methane. However, this makes Hydrogen very diffusive through the
caprocks compared to other gases. At ambient temperature and prestoa@dnas a diffusion

coefficient three times less thdmatof hydrogen
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Physical properties

at 25°C and 1bar Hydrogen H; Methane CH,
Heating value, KJ/g 120-142 50-55
Density, kg/m 0.0899 0.657
Viscosity, 1P Pa.s 0.89 1.12
Diffusion coefficient,10° m?/s 5.13 1.85

Table 4 Physical properties of hydrogen and methane (D. Zivar et al. 2020)

1.2.4. Experimental data on underground biomethanation(Lobodice)

The most known project of Underground bio methanation is the Lobodice town gas storage
an aquifer structure near Lobodice, Czech Repubhe. underground reservoir was created in
watersaturated strata where anaerobic bacteria pressurized with agpdtdgarbone dioxide
mixture (with the ratio 4/1) at the conditions T=25°C and P=@ MPa. The initial existing
components were #454%, CH=21.90%, CO=9%, C&11.67% and bE2.5% . The amount of
methanogenic microorganisms was about 1@ cells per ml The biomethane production was
evaluated before and after.

Within 7 months(Frantisek Buzek et al. 19)@eported a significant variation in the composition
of the stored gas (losses2iPb of hydrogerand 2.89% Carbone dioxide). Theessure laswas
up to10%(G. Strobel et al. 20291

The decrease in pressure can be explaingdéiransition of part of the gas to the liquid phase,
increasing density, and allowing the expansion of the remaining gas pha3éeatécrease in
pressure wamnitially attributed to possible gas leaks, howevkis explanation did not explain
the increase of methane. The only possible explanationdordteasen methane and Hydrogen
and carbon dioxide reductiavas to assume that the followingactions verehappeningwithin

the reservoi(D SK. Ting et al. 202):

4Hpg) + COyy AECHaqgy + 2H0q) + energy

However, undethe conditions 35°C an80 bar this reactionis only possibleby methanogenic
bacteria Hydrogen and carbodioxide are dissolved inside the bacterium cell creating COH+

cation (electron acceptor), while protons separate an electron from the hydrogen. This free
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electron reacts with the cations, and after a long Serie of steps, methaneawebdeergy which
the bacteria consume are produ¢ednfilov et al. 20159) S-K. Ting et al. 2021)

Meanwhile, respiration activates nutrition metabolism, which canefsthe consumption of
carbon from C@to produce biomass within the cell body (carbon fixation). This increases
biomass size and when biomass reaches critical mass, the cell divides in two (Biomass

production).

Figurel-5 Methare production from H2 and CO2 (Gion Strobel et al. 2020)

1.2.5. Experimental data on patterns in underground methanation
(Lobodice)

Bacterial productioralters the gas and liquid flow. Likewise, any flow changes can impact the
dynamics of bacterial growth. The coupled effects generat®ghizing phenomena, which

arise in the form of largsecale spatial and temporal oscillations of gas concentrétiorfilov
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2010. Suchphenomenomvasobserved in Lobodicewn storage(Frantisek Buzek et al. 1990
reportedthat the distribution of the resulted chemical component within the reservoir was
variable in time as in space. Regions were more enriched otilé others were dominated by
CHa At that time, such effestwere less known.The existence ofuch a problem can

significantly affectthe technical solutions

To convert all the injected +and CQ into methane, the ratioHC Oz in the composition of the
injected gas should correspond to the stoichiometric coefficients Satetier reactioand such

a ratio should be maintained uniformly in the entire reservoir. This would be the best scenario,
which would ensurghe high quaity of the gas producedHowever, anynortuniform pattern

could reduce the methanation efficiendy. 2010, Panfilov, 201() developed a mathematical

model forunderground hydrogen storage capable to generate the observed patterns and explained

their origns.

1.2.6. Microbial reactions

Bacteria aremicroorganismshatcan livein exceptionallyharsh environments, like extremely
KLIJK ORZ WHPSHUDWXUHV RU KLJK S+ YDOXHV 7KH\ IDOO L
biomass attached to the pore walls, fleW RQLF WLQ\ RUJD Q L\WRBtat sAIRDAVLQJ LQ
and/or Neuston attached to the phases interfaeeqr R. Garett et al. 20D8Mlicrobial activities
in underground hydrogen storage and their interaction with gases must be thoroughly analyzed
as they significantly affect thghysicegeochemical properties of the reservoir ayas stored
purity. Microbial reactions are hard to manip@atue to the miss of data and that depend on the
complex behavior of microbes (metabolism) which depend on in turn to its surrounding
environment.In underground hydrogen storagbree types obacterial processs could be
consideredn the presence of ¢§in concentrations of hydrogen
Methanogenesis:
4H; + CO, AECH4 + 2H0

The CQ can be present in the injected gas or in the carbonaceous rocks in the reservoir.

Acetogenesis:
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2COr + 4H, AACH3COOH + 2HO
Sulfate-reduction:
SQ?+5H, AH,S+4H0

Thesulfatecan be present as dissolution in aquifers

Ferric-reduction:
3Fe?*0s+H, A2Fe? O4+H-0

Figurel-6 Electron microscopic image of methanogens (WillRmVhitman et al.)

1.3. PATTERNS AND WAVES IN REACTION -DIFFUSION
SYSTEMS

1.3.1. Classical diffusionreaction systems, selbrganization, patterns

The first mathematical analysismditternsvas given by the British mathematician and computer
scientist A. M. Turing. In 1952, A. M. Turing published his papntitled: The chemical bases

of morphogenesisin which he demonstrated that the competition between the reaction and the
GLIIXVLRQ FDQ JHQHUDWH FRPSOH[ RVFLOODWRU\ VROXWLR
distribution of concentration of mphogenesis which breaks the symmetry of the system. At that
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time, this idea aroused little interest due to the fact that was based on an apparent paradox because
the diffusion should erase the fluctuations and homogenize the system. Nowadays, there is some
qualitative evidence of the capability of Turing models to imitate biologicabsg#nizatior(V.

K. Vanag 2004, Baba Issa Camara et al. 200Be study of biochemical patterns in reaction
diffusion systems has attracted considerable interedange domain of applications bigtstill

less studied in Underground gas storage processes.

The simplestform of reactiondiffusion systemis the activatoinhibitor system. The system
describegwo diffusible components that interaeith each othethrough specific reactions.

Turing had already laid the foundation for such a-b@mponent system with linear reaction

terms(Turing, 1953

Eq l.1.

Thismodelis the baséo studythemechanisms leading toorphogenesis artts provedauseful
description of phenomena mlarge list offields: Biology, Chemistry, Physics, Ecologgnd
Economics(Siegfried Roth 201)1 The mostwell-known oscillatory modelsre Brusselator

BelusovZhabotinsky chemical reactipandFitzhughNagumo systesy(Siegfried Roth 201)1

As mentioned,He interaction between the locally occurring reaction and the transport of species
by diffusion allows the formation of various nontrivial phenomdime. classification of different
patterns that may exist grows contusly since the reported bgglousov and Zhabotinskii
1950.

Here,classical types dfifurcationsresponsible for the appearance of patterns:

- the space independent Hapifurcation (at least 2Breaction diffusion system)Y(fu
Wang et al 200)/

- the stationary Turindifurcation(in 2D-reaction diffusion systemp(igefumi Hatzet al
2014, V. K. Vanag 20Q8Baba Issa Camara et al. 2009

- Wave bifurcatiors (Standing waves, spiral waves, in -8&action diffusion system or
more) Cingfa Yang et al 2004\ athaniel Karst et al 20)6
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- Other complex patterns exist resulting from the interaction of twestypkifurcatiors
or more (HopfTuring instabilities, Hopf: DYHV LQVWDELOLWLHV 7XULQJ Z
(Lingfa Yang et al 2004\athaniel Karst et al 20)6

Bifurcation refers tahe qualitative change in the dynamicstbé systeml.1. At the bifurcation

point, the stability oequilibriumstates typically changes.

1.3.2. Method of detection of patterns

The patterns correspond to an unstable uniform distribution of the gas concenttiatiguiateau
solutions) This uniform distribution is the state satisfying the conditions
of the system |.1Stability refers tadhe capacityof thesystem to resist

small perturbationsThere are two different definitions efability.

Definition 1.Stability in the sense of Lyapunov

The equilibrium state is stable in the sense of Lyapunov if the perturbed system never deviates

very far from

Definition 2. Stability in the sense of asymptotic stability
The equilibrium state is asymptotically stable if it satisfies theevious condition and, in

addition, the perturbed system tends to return to the original state with time. An

asymptotically stable system is also stable in the sense of Lyapunov, but the opposite is not

always trueFinally, we say thaa statds unstable ifit is not stablgR. Murray et al. 199%
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Figure , 7 concepts of equilibrium and stability

A third situationmay exist called metastabMhichrefers tothe state where deviation from

the equilibriumcannot be observed because the changing is too slow.

Thus, based on the mathematical model, we should perform a linear stability analysis by
linearizing the system near to the equilibrium state verifying the plateau solutions. We disturb
the homogeneous steady by snhaatiplitude perturbationsNext, we expres theinstability
conditions for pattern formation in terms of eigenvalues of the lineasiztdm whichdepends

on the growth rates athe perturbationWe plot e eigenvalues as a functiofh each of the
wavenumbeto obtain the dispersion relatiofihe shapeof the dispersive curve providéise

nature of the instabilitgPanfilov 2010. The system is stable if and onlaif eigenvalues should

be negative in the absencedifusion.

All reak and negative Driven backthe homogeneous steady state
All reals andone or more are pdsie Driven away

All reals are negative and there are imagini Oscillate around the steadyate with

parts decreasing amplitude

One or more have @ositivepartand there  Oscillate around the steadyate with

are imaginary parts increasing amplitude

Imaginary pure Oscillate around the steadyate with

increasing amplitude
Figurel-8 stability evaluation
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Figure 9 Types of phase portrait

133. 7XULQJTV LQVWDELOLW\ DQG VWDWLRQDU\ SDWW

Turing structures correspond to the spatially periodic variations gotieentrations of chemical
speciesTheir characteristics are determined intrinsicatg not by external factorSheyoccur
when a spatially uniform steadyate solution stable in the absence of diffusion, becomes
unstable when diffusion @esenti.e.,the system I.1 selbrganizein the area of the intersection

of the stable zone of the dynamical system and the unstablettrediffusive systein The
stable zoneof the diffusionless stateorresponds to attenuating oscillations mej i.e. toa

negative real part in the eigenvalues

Turing patterns appear to have a particular interest not just in biology (Stripes, spots, or reversed
spots in twedimensional Turing systems]. Shoji et al 2003 and pure/applied chemistry
(chlorine dioxideiodine-malonic acid reactiowliffusion system,D. Feldman et al. 2012
Belousov&Zhabotinsky reaction in liquid marbles;. Fullarton et al. 209 but also in
geomorphology (Pattern formation in the geosa@snducas Goehring 2004 ecology

(Dispersalinduced destabilization of metapopulations and oscillatory Turing patterns in
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ecological networkss. Hata et al. 2034 sociology studying phenomenon of crime hotspots
using Turing systems (on localized hotspot an urban crime modéd, J. B. Llyold et al. 2014
and perhaps even a reactidiffusion mechanism has been suggested as the origin of spiral

galaxies in astrophysics).

Initial t=3s t=9s

t=12s t=15s t=18s

Figurel-10 An experiment of BelousaZzhabotinskii chemical reactions (X. Yang et2018)
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Figure F11 Labyrinthine Turing pattern formation in the cerebral cortex (J. Cartwright 2002)

Figure ,12 A real jaguar at the left and a Turing Pattern at the right (K. J. Painter 2000)

1.34. Hopf-$QGURQRYTV ELIXUFRMW dyRa&niclp@QterMéD EL OL W\

The bifurcation oHopf~-Andronov corresponds togeeriodic oscillation in time and uniform in
space, which attracts other soluti@ishe system I. &t to a closed trajectory in the phase
space, which attracts other trajectories. Such a structure is called the limit cybke chse of
two ODE, the limit cycle is a closed twbmensional curve. In a system of ODEs of higher

dimensiors, the limit cycle has the form of a multidimensional torus.
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2.1. INTRODUCTION

The second chapter is devoted to the analysis of spatiotemporal patterns formation and the
conditions of their emergence in underground hydrogemwage. We start with a short
introduction to multicomponent twphase flow in porous media with chemical reactions, and to
the theory of patterns in dynamical systeWve examine next homogeneous media and develop
the technique of stability analysis actiondiffusion systems in application to the transport
phenomena in an underground storage of hydrogen. After thigxtemd our analysi$o
heterogeneus media, which is analysederms of a macroscopubouble porositymodeland

analyze the impact dfie natural reservoir heterogeneity on the criteria of pattern existéexe

we carry out a numerical simulation to capture the regimes when these criteria are verified.

2.2. MATHEMATICAL MODEL OF TWO -PHASE BIO-REACTIVE
TRANSPORT

The modeling obiogeochemical processes in porous media is hard to set up as they result from
complex interactive physical, biological, and geochemical processescand on different
spatial and temporal scales. The first part of this chapter is devoted to the motigliogphase
bio-reactive transport in undergroungdrogenHz) and carbon dioxidéCO,) storageModeling
two-phase flow coupled to bimactive transport requires the consideration of flow processes
such as advection, diffusion, biochemical process#sgbmicrobial growth and decay, and

microbial production/consumption.

Different approaches may be considered depending on the interestiscalélOch et al 202)
UDQJLQJ IURP PROH¥X@D W R ADBE &nl FkBhG thesid, our model is

based on a macro scale (REV, continuum, or Darcy scale) description which is the most used by
large insitu applications. At the macro scale, the different processes are averaged over an

appropriate representative elementary volume\(Rthat can give realistic information on the
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porous mediumAndreas Bielinski 2007, Johannes Martin Hommel 2016, Birger Hagemann
2017). Due to the averaging procedure, the following scale calls upon a new volume averages

variable not known at the miciszale like the porosity, permeability, and phase saturation.

Figure Ik1 From pore scale to continuum scale modeling (Andreas Bielinski 2007)

2.2.1. Physical description of the system

Porous medium properties:

x Porosity orvoid fraction. a measure of the void volume in a porous medium. It

determines the ratio between the volume of the pores and the total volume:
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EqIl.1.

x The absolute (intrinsic or specificpermeabilityindicates the abilityof the rocks to
conduct fluid. Itisa property characteristic of the porous medium and it is independent
of the fluid Kun Sang Lee 2090
TKH SHUPHDELOLW\ FDQ EH REWDLRH® \|IURER¥E&B JHQHUL
Kozeny 1937

Eq I1.2.

is the characteristic diameter of a pore. The unit for permeability used in UGS

applications is Darcy or Millidarcy.

Fluid properties:

x Density: defined as mass per volume (mass density) or the number of moles per volume
(molar density). The densityf a substance changes with pressure and temperature.

x Viscosity:measures the resistancelod IOXLG WR IORZ )RU 1HZWRQLDQ 10

DV D SURSRUWLRQDOLW\ IDFWRU ZKLFK UHODWHYV WKH I0O.

Eq I1.3.

Phases and components:

X Mole and mass fractiontheydescribe the composition of a phagele fractions are
defined as the number of moles of a component k divided by the total number of moles

in the system within phase:

Eq 11.4.
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While the mass fraction is defined by:

Eq II.5.

Consequently, the sum dfé mole fractions and mass fractions of componeints
phase is:

Eq I1.6.

Fluid phase interactions in porous media:

For multiphase systesnfluids are interacting witbach other which demasthe introduction

of additional properties.

x Fluid saturation: a measure of the percent of the pores filled with a fluid phase (gas or
water). This property is expressed by the ratio between the volume of the pores filled with

phase and the total pore volume:

Eq 7.

By definition, the sum of phase saturations is equal to the unity.

x Capillary pressure evaluates the pressure difference across the interface creating
between two immiscible fluids icontact (Gas and water in our case). The expression of
Pc on the continuum scale should be defined based on averaged \wuoiathiat scale.
The % URRNV DQG &RUH\JIXFRQYE QidQeRm&GHWBa&tkmpirical

functions in Reservoir engineering

- % URRNYV D Q®d& BG4 TV

Eq I1.8.
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- Van * H Q X F Krio ¢ 1980):

Eq11.9.

is the entry capillary pressure. is the residual wetting phase saturation that cannot

be displaced by the nemetting fluid phase and remains in the porous medium. Both

models are empirical, consequenthye parameters for these relationships  can be

found experimentally depending on the pore size distribution

Figure 12 Capillary pressure after Brooks & Corey (1964) and van Genuchten (1980) ( Henrik Bising et al.
2014).

X Relative permeabilityThe relative permeabilitappearsvhen he flow of phase is

disturbed by the other phase because the pore space where the fluid ptesdélow
through is partially or totally occupied by the other fluid phase. and

depends on the saturation, a phas®comes more mobile as the saturation of this phase

increae in the porous medium.

The most commonly used empirical models for calculating  are
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- theBrooks & R U Hndfi# (1964):

Eq I1.10.

-and 9D Q *H Q X mEdal KLEBD)V

Eq I1.11.

are the same frof'o UR RNV D QaGd\&aR YHHQ K\F K W H Qdpbxfelations.

The remaining parametersind describe the&onnectivity of the poresThe ofterused

values are

Figurell-3 Relative permeabilitgaturation relations after Brooks & Corey (1964) and van Gern (1980) ( Henrik Busing
et al. 2014).
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X Thermodynamic equilibrium:The mass exchange between the phases takes place at
very fast rate w.r.t the other biochemical procesgesgefore the composition of both
phases is assumed to be in thermodynamic equilibffina.assumption is widely used
in Geochemical processes anedtrpleum simulationgBirger Hagemann 20)7The
condition of thermodynamic equilibrium between the two phases can be expressed with

the equality of fugacities:

where Eq Il.12.

Transport processes in porous media:

X Advection: Forced horizontal motion due fwessure gradient created by the injection
well. Onthe macrescale models of twphase flow, the momentum balance equation is

UHGXFHG WR 'DUF\fV ODZ ZKLFK UHSUHVHQWWMh&" KH GHSFH

phase pressures and gravitational forces.

Eq 11.13.

K is the absolute permeability; is the dynamic viscosity of the phase is the
gravity acceleration vector. The ratios represent the mobility of the

phase |, The sum is the total mobility.

x Diffusion: refers to the net motion of chemicadmponent from the region of high
concentration to other of loweFhe driving force here is the concentrations gradient.
7KH GLIIXVLYH WUDQVSRUW LV GHVFULEHG LQ RXU PRGHC

Eq I1.14.
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The molecular diffusion coefficient of component k depends on the binary diffusion

coefficients and

Eq I1.15.

The actual trajectories that individual fluid particles follow in any porous medium are
tortuous. ConsequentlifickfV ODZ LV XVXDOO\ FRUUHFWHG E\ LQWUR

Values for weresuggestedby Millington and Quirk (1961)where

2.2.2. Massand momentumbalance of chemical components and phases

The transport of chemical componekis a twophase flow is governed layreactioradvection
diffusion equatiordescribed by the following system:

Eq I1.16.

where is the porosity,! is the molar density; is the molar fractionSis the saturation. The

superscripk refers to the chemical component, and the indgxaslw denote the gas and water
phase.

The rate of the biochemical reaction representdhe production/consumption term of the
componenk; It is proportional to the growth rate:

Eq 11.17.

Where represents the stoichiometric coefficient of componeit Sabatier reaction

equation: , , and . is microbial yield coefficient.
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2.2.3. Bacterial transport: model of population dynamics

Bacteriadynamicis described by aeactionradvectiondiffusion equatioras well The reaction
term consists of a positive paRY, responsible for the microbial production or growth and a
negative part caused by bacterial de®d§:(Rittmann et al. 1987, Panfilov 2010, Anozie Ebigho
etal. 2010, Birger Hagemann 2017

Eq I1.18.

The diffusive term describes the random movement of microorganisms in different directions
from the area of high concentration of bacteria to that of lawpresents the number of bacteria
per unit volume of porous spad®, is the bacterial diffusion coefficient. The bacterial population
dynamic equation introduces two kinetics functiBsand R whereR®" corresponds to the
PLFURELDO JURZW RCUIDMWWM KLH) GVE D@ DRGFWLRQ LQ >Vi @

2.2.4. Kinetic functions

Microbial growth and decay are fundamental processes to model microbial transport in porous
media.ln our study, Bcteria use hydrogen and Carlaboxide for their respiratorgnetabolism.

The mechanism of such respiration consists of splitting an electron from hydrogenaatbm
usingit to activate the oxidation reaction with CO2 in the body of the cell, which releases energy
(Panfilov, 20B). Bacteria consume rtber hydrogen atoms nor the reaction products, but only

the energy released from the reaction

Eq 11.19.

Thewell-known model describingiomass growthn literature is that oMonod called double
Monod model lonod 1949 Taylor andJaffe 1990

Eq 11.20.
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As it turns out inlPanfilov 20B), the individual growth ratan turn,can depend on the number
of bacteria. A corrective forrof the previousnodel was proposed by the same work in which

an additiomal term @) was added to take account of this effect

Eq I1.21.

Microbial decay is assumed to be caused only by microorgapissdatorsit is independent of
nutrients the profis thatbacteria do not die in the absence of nutrients but temporarily stop their
activity (Panfilov, 2019

Eq 11.22.

and are the mole fractions of and in water, and are the haklvelocities

constants, and  are respectively the characteristic time of growth and the characteristic

time of decay.

2.2.5. Dissolution of species in phases

Dissolution is the mass transfer betwedferentphases. To calculate the amount of dissolved
H>and CQ, (Panfilov,20P LQ KLVIERRNRFKHPLFDO )OXLG '"\QDPLFV LQ
VXIJIJHVWHG WKH XYVwhidR exprés&edl iHeVfel@tiDrizbetween the-gjaesse mole

fraction of the components k and their mole fraction in the wetting phase.

Eq 11.23.

is the Henry solubilitycoefficientand  is the gas pressure.

As mentioned irfPanfilov, 20D), to transform the maximum of the gas into CHiw proportion
between Hand CQ in the injected gas should verify the istiometric ratig of the Sabatier

reaction.Which provides:
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Eq I1.24.

and

Eq I1.25.

Consequently,

and

This means that the gas phase is a diluted solution containing 98%amid2% of CQ

2.2.6. Simplified model of two or three diffusionreaction equations

Combining the different processes, the full model can be written as follow:

Eq I1.26.

Eq 11.27.

To carry out a qualitative stability analysi§ the current developed system, we first need to
reduce our model to a minimum number of variables, to overcome the complexity of-the bio
physiochemical problenTo reduce the model to a system of two ODE (Dimensionless)form

we introduce the following asmptions(Panfilov, 20D):

1. The flow takes place in uniform porous media.

2. Thegravity andcapillary pressurareneglected
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3. The diffusion of chemical componertis and BHO is neglected.
4. Theliquid phases consisted essentially 6f-0, while thegas phasscRQWDLQV 8

Ho,. Indeed for HO and H we assume that and

5. The mixing of components k in both phases is ideal (icevolume change amixing ).

6. The phases are incompressible (i.e., densities still constaats ).
7. Constant injection velocity

8. Themass exchangeetween the phases is assurmedantaneouslyThe Henry Law is
valid in this case)

9. Isothermal process as reservoir variation in temperature are minsmede( Marie
Nielsen 201}

10.The variation of pressure is negligible for thermodynamics functions.

11.Bacteria exist as flowing suspension in the liquid phase.

Eq 11.28.

Eq I1.29.

Eq 11.30.

Eq 11.31.

; ; is the total Darcyelocity;

To simplify the mathematical analysis, we keep the convective term in the average value.
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Eq 11.32.

Eq 11.33.

Eq 11.34.

Eq 11.35.

Both components, +and HO, dominate in their phase, thus and

Consequently, theaturationLV LQYDULDEOH LQ WLPH :H DGPLW WKDW LW

Eq I1.36.

Eq 11.37.

Eq 11.38.

To obtain a dimensionless formulatjome introduce the following dimensionless parameters :
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thus

Eq 11.39.

Eq 11.40.

Eq I1.41.

The resulting dimensionless system is as follows:

Eq 11.42.

Eq 11.43.

where,

, and

The resulted physiebiochemical problem is governed by a reactiiffusion system.
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2.2.7. Expected scenarios of the evolution

The first works modeling ththeory of seHorganization phenomena underground hydrogen
storage were developed Mikhail Panfilov(Panfilov 201(). The process was describedthyg
lasttwo diffusionreaction differential equation¥he model was abte predict patterns founded
in Lobodice storage and expetiie possible formation of other tygpef complex structures in
underground hydrogen storage

Compared to othétnown patterngn dynamic systemshe propertyof the resultingpatternds

that ae determined bprocessestrinsic, not external to the system

It can be expected that the current system we study can generate such complexagaitelins
which can explain some #gitu observatios an gas patterns in underground methanatiog. (e
Lobodice site).

Among the expected effects to obtainnontrivial behavior with the creation of new forms of

patterns within the reservoir, or new conditionpaftern formation.

Figurell-4 Stationary patterns as the first type of ®etjanization in UHS in terms of the hydrogen concentration
in space at large times: (a) a singtale pattern and (b) a tvezale pattern (Panfilov 2010)
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Figure ,,5 Oscillatory behavior of CO2 concentration in time (Panfilov 2010)

2.3. PATTERNS IN THE HYDROGEN TRANSPORT MODEL

2.3.1. Physical description of the system

The idea is to @nvert the maximum of hydrogéte and carbon dioxid€0O; into methanéCH4

and the composition of the gas should be maintained uniformly in the entire reservoir. The
existence of patternghe spatial alternation of the areas saturated preferably by hydrogen or
methandounded in Lobodiceeservoir)can significantly influence the technical solutions. Any
oscillatory pattern is not spatially uniform which reduces the methanation effidignacyilov

2010. For this purpose, we perform a qualitative mathematical andlysisvill allow us to
detect the different criteria of the appearancéhefpattern regimeThe criteria of the creation

of structures correspond to criteria of Turing stability.

The classial types of instabilitiesesponsible for theppearancef spatiotemporal patterresse
the:

- space independent Hopfstability (at least 2Breaction diffusion system)/(fu Wang et
al 2007

- stationary Turingnstability (in 2D-reactiondiffusion systemjShigefumi Hatat al 2014,
V. K. Vanag 2004Baba Issa Camara et al. 2009
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- wave instabilities(Standing waves, spiral waves, in -B&action diffusion system or
more)(Lingfa Yang et al 200MNathaniel Karset al 2016

- othercomplex patterns exist resulting from the interaction of twogsgp@stabilities or
more (HopfTuring instabilities, Hopf: DYHV LQVWDELOLWLHYV 7XULQJ ZL
(Lingfa Yang et al 200MNathaniel Karset al 2014

Wefocusour interesbn spatiotemporal patterns formatemdthe condition®f their emergence
in underground hydrogen storade analyze how diffusionand reactiongnduce the instability
of an equilibrium stateNext, we carry out a numerical simulation to captheregimes when
these conditions are verified.

2.3.2. Simplified dynamic system, stability analysis

This part of the thesis ainto establish the conditionef Turing and Hopf instabilityin
homogeneous porous mediche mathematical model we consider consistsvofdimensional
reactiondiffusion equations which expretse conservation othemical specgand bacteria
density. It has the following form,

Eq I1.44.

with, and

N represers WKH QXPEHU RI EDFWHULD & LV WKthe EdpRdiad QW UDW L
operator; g denotes the injection rate® is the characteristic time of eatiramd Q is the

characteristic time of bacterial decay@, @ . DQG DUH FRQVWDQWYV

We can see that systeiad. [1.44.) has a unique netrivial steadystate solution
with
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Eq 11.45.

The destabilization of the steaghate of the system can generate three types of symmetry
breaking bifurcations for the emergence of spatiotemporal pattethe gas reservoir: the one

is the spacéndependent Hopf bifurcation that breaks tieporal symmetry of the system and
leads to oscillations, the second is the Turing bifurcation that breaks the spatial symmetry and
gives rise to selbrganization patterns and the third type is the Haping bifurcation which is

the coupling between éise two bifurcations that produces spatiotemporal patterns.

2.3.3. Patterns oscillatory in time: limit cycle, Hopf-Andronov bifurcation

In this section, we studyne conditiors of the appearancef Hopf-Andronov bifurcation for the

system Eq. 11.44.) at theequilibrium state by choosingy asbifurcation parameter.

The steadystate solutions and the Hopf periodic solutions are spatially unitberefore the

Hopf stability analysis of the systerikd. I1.44.) is independent on and , and can be

performed using the subsystem

Eq 11.46.

The eigenvalues of the linearized system are calculated by solving the folldvaragteristic

equation:

Eq 11.47.

where,
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and

The Jacobian matrix admits two eigenvalues, which can be formulated as follows:

Eq I1.48.

The equilibrium point  of the subsystentE(q. 11.46.) is unstable when at least one root has a

positive real part.

Thus, the equilibrium is asymptotically stable if and only if

and

We can check easily that the Jacobian matrix ofQBé& system has a pair of purely complex

imaginary eigenvalues at

For

, : and ,

Thus,
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(i) when the eigenvalues of have the form , with

and

(i) , whichmeans that the eigenvalues cross the imaginary axis with

nonnull speed, therefore the transversality condition is verified.

It follows that, from the Poincar&ndronovHopf bifurcation theorem:

() The homogeneous steady state is asymptotically stable when and unstable when

(i) Thediffusionless systerandergoes the called Hopf bifurcation at the equilibrium point

when crosses through and the bifurcating periodic solutions exist for
.Figure 11.6-7. shows the behavior of the subsystem for . As expected, the

equilibrium point is a stable focus. In this region, all the soluttmmserge to the steady

state solution. If we choose a value gpfust a bit below , we get a limit cycle

surrounding the steaeltate solution. We calculated the result for high t, to eliminate the

transient behavior of the limitycle that arises.

(a) (b)

Figurell-6 The behavioof the subsystem (Eq. 11.46fpr
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(a) (b)

Figurell-7 The behavior of the subsystem (Eq. 11.4f),

Stability of the limit cycles induced by Hopf bifurcation:

Now, let study the stability of the periodic solutions (limit cycles) arising through -Hopf

Andronov bifurcation. For this, we translate the equilibrium to the origin by

considering the following change of variables:

: Eq 11.49.

Thus, the steadgtate solution of the subsystefiqg. 11.46.) is transformed into the zero
equilibrium of the systentq. 1.50.).

Eq I1.50.

Simplifying we obtain,

Eq I1.51.

Rewrite systenfEq. 11.51.) as
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Eq I1.52.
The Jacobian matrix may be written in Jordan normal fsrm

Eq I1.53.

Eq I1.54.
With , Is the frequency of the periodic bifurcated solutions.

we adopt that:

and ,

with

and

The considered linear transformation is not uni@bieckenheimer and Holmes, 198Fhus,

by applying the following linear coordinate change:

Eq 11.55.

we obtain
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, Eq I1.56.

the system becomes,

Eq I1.57.
Thus, we look at:

Eq I1.58.
Then,

Eq I1.59.

Eq 11.60.

Eq I1.61.

The stability of the limit cycle induced by Andronélopf bifurcation is determined by the sign

of , Which is the sign of the first Lyapunov coefficient.

According to(Guckenheimer and Holmes, 198the Lyapunov coefficient formula is given by:

68



CHAPTER Il :MODELLING OFFWASE BIREACTIVE TRANSPORT IN UNDERGROUND HYDROGEN STORAGE
Noura Eddaoui

Eq 11.62.
@ if , then the direction of Hopf bifurcation is subcritical and the bifurcating periodic
solutions are asymptotically unstable.
@iy if , then the direction of Hopf bifurcation is supercritical and the bifurcating
periodic solutions are stable.
We can calculate that,
Eq 11.63.
Eq I1.64.
with,
Thus, we obtain
, and Eq 11.65.

Consequently, the direction of the Hopf bifurcation is supercritical and the induced limit cycles

(periodic solutions) are asymptoticaiiable.
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Remark: We can determine the stability of the bifurcation, if it is supercritical (stable) or

subcritical (unstable), numerically by examining how the system behaves near the bifurcation. As

LWV NQRZQ LQ D VX SHdpd bifurdcatidnF he linditQogat) AR Yut of the
equilibrium point. In other words, right at the parameters of the4Aagfonov bifurcation (region

where ), the limit cycle has zero amplitude, and this amplitude grows like  as

the parameters move further into the lhtycle regime where . Figurell.8 shows clearly

that the limit cycle grows as we move awaym the bifurcation point. Based on this, we can

conclude that the Andronedopf bifurcation is supercritical

Figure ,,8 Limit cycles obtained for
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Figure Il 9 Numerical simulationasf Hopf PatternsC(x,t) and N(x,t)for

2.3.4. Diffusion-reaction system Stability analysis

To perform linear stability analysigveintroduce a perturbation of the following form:

Eq I1.66.

The linearized system is given as follow,

Eq 11.67.

The Jacobian matrix around the equilibrium points defined as follow:
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Eq 11.68.

The characteristic equations for the equilibriunare the following quadratic equations:

Eq 11.69.
Where

Eq I1.70.

Eq II.71.
The solution of the polynomial equation yields to the following dispersion relation:

Eq Il.72.
For

Eq I1.73.

and Eq I1.74.

While

Eq I1.75.
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The growth of the instability is determined by the sign of the real part oThe uniform
steady state is stable if for all k.

The equilibrium Is asymptotically stable if and only if

Eq 11.76.

and Eq 11.77.

235 7XULQJTYVY VWDWLRQDU\ SDWWHUQYV

The Turing bifurcation breaks spatial symmetry, leading to the formation of patterns that are
stationary in time and oscillatory in space. The Turing instaldiiyends on theeaction rates
and bacteria speciadiffusion ratio and notto the geometry. Té bifurcation in a reaction

diffusion system occurs when:

For the sake of convenience, we define

Eq I1.78.
which isa quadratic polynomial with respect to.
If , then has two roots in which one is positive and another is negative.
When
Eq I1.79.
will take its minimum value, when
Eq 11.80.
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Then,
Eq I1.81.
We define the ratio ,
Eq 11.82.
The discriminant of the quadratic polynomial is
Eq 11.83.
Then the equation (3.1) has two positive real roots:
Eq 11.84.
where
Eq I1.85.
We can see that
Eq 11.86.
Both conditions and must be satisfied. Therefore, the condition
is considered.Then, we have the following results:
() The equilibrium is asymptotically stable for  , with
(i) The critical line of Turing instabilities is
(ii)) When , the equilibrium is unstable and Turing destabilization occurs.
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(a) (b)

Figure ,, 10 Numericakimulation for Turing pattern€(x,t) and N(x,t) for

2.3.6. Diagram of patterns

Figurell-11 Bifurcation diagam for Turing instability in parameter space for . The unstable

region is the area between the curve and the axis.
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Figurell-12 Bifurcationdiagram for Turing instability in parameter space

2.4, COEXISTENCE OF SPATIAL AND TEMPORARY PATTERNS
IN THE HYDROGEN TRANSPORT MODEL

2.4.1. Possibleco HILVWHQFH RI 7 X{$IQBYR QRYGFBHOWWHUQV W
patterns)

The general systerndergoes Hopfruring bifurcation at

Eq 11.87.

This condition is satisfied for the following critical value of

Eq 11.88.
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@ If then . With increasing , the Hopf thresholés the first to be crossed

and thus the Hopf bifurcation will be the first to occur near to the critically.

(i) If , the first bfurcation will occur toward Turing pattern.

2.4.2. Numerical analysis of twice oscillations

We distinguish four different domains. The domain of pure Turing instabilities that are spatially

inhomogeneous but stable in time and for which  and . Above, the domain of pure
Hopf instabilities thati@® homogeneous in space but oscillate in time, which is situated at (

, ). In the domain located under the two bifurcation curves, both Hof and Turing instability
may coeexist and compete which giverise to complex spatiotemporal patterns near to
, the point of intersection. The fourth region is the stable where the sttddy

is the only solution of the global system.

Figure 113 Bifurcationdiagram for systemeactiondiffusion systemin the parameter space. The blue line
is the Hopf bifurcatiorcurve,and the red line denotes Turing bifurcation.
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Figure 1F14 Numericakimulations of HopfTuring structureC(x,t) and N(x,t)near to the intersection point
with

Figure 1F15 Numericakimulations of the coexistence Hopf and Turing structu@és,t) and N(x,tfar from the
intersection point
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Figure ,, 16 C(x,t): Numerical simulations of Hogf ~ Figure ,, 17 N(x,t): Numerical simulations of Hopf
Turing patterns near to the intersection point Turing patterns near to the intersection point
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Figure ,, 18 C(x,t): Numerical simulations of Hopf  Figure ,, 19 N(x,t): Numerical simulations of Hopf
Turing structure irarother point near to intersectior  Turing structure iramother point near to intersectior

point point
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2.5. PATTERNS IN DOUBLE POROSITY REACTION -DIFFUSION
SYSTEM

Many books and publications are devotedhe patterns in homogeneous media, whereas the
irregularity of the medium may havecuantitative and/or qualitative impact on the pattern
formation.Our study show that the heterogeneity can provoke considerable cloangeteria

of the appearance of some instabilitiesdactiondiffusion systems.

2.5.1. Extension of the model ofbio-reactive transport on double
porosity media

x We considera more complicated system of reactiiffusion equations, which
corresponds to simultaneous bacteria and nutrient transport in a double porosity medium.
It consists of two interpenetrating cania (fractures and blocks) whi@xchange the
nutrients with each otheflhe fractures have high permeability (or a high diffusion
parameter), while the blocks are low permeable. The term of flow in the equation for
blocks can be neglected so that the nedssutrients in blocks changes only due to the
exchange with fractures. We assume that bacteria exist only in the fractures, i.e. they

cannot penetrate too narrow pores of the bloThe. model is then:

Eq 11.89.

here the first and the third equations describe the transport of nutrients in the fractures and blocks,

while the second equation describes bacteria.
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The subscripts B and F refer to the block and fracture regiaepresents the number of bacteria

living in the fractures, £and G are the concentrations of nutrients existing in the fractures and

the blocks respectively¢and ¥ LV WKH LQWHUQDO SRURVLW\ RI IUDFWXU
rate of exchange between fractures and blocks; is the Hamilton operator; q denotes the

injection rate; @is the characteristic time of eating a@is the characteristic time of bacterial

decay (@, @ . DQG DUH FRQVWDQWYV

The nodel assumes that the advective transport is neglecting.

Figure ,,20 Schematic of the duab R U R XV fRiffaGadh@ féactures’ is the fracturesblock interface;

is the ratio of the length of a period of heterogeneity to the length of the entire domain, which is(D. O.
Egya etal. 2019

At the interface between fractures and blocks-doimains,the continuity of fluxes and

concentrations must @nsureduch that:
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at Eq 11.90.
at Eq 11.91.
: Impermeable boundary in all the fracture domain Eq 11.92.

The objective is to analyze the stability of such a system, or, more exactly, the impact of the

exchange process on:
- the system stability;

- postunstable patterns, i.e. the stable patterns that occur after the development of

instability and its stabilization.

2.5.2. Stability analysis of the system

In matrix form,the systemof equationsan be described as follows:

Eq 11.93.

where we denote

, , and

As seen, such a system consists of:

- Two reactiondiffusion equations and one ordinary differential equation, which

places it between the systems of two and three readiffusion equations;
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- Two equations of this system are coupled by means of an exchange term, which is a
new element ofhe theory whose impact was not analyzed before.

The objective of the thesis is to find patterns, which are defined as limit (at ) solutions in
the form of stable periodic neattenuating oscillatory waves, whielktract other solutions. The
keywords for a pattern are then: limit, periodic, attractor. In other words, a pattern corresponds

to a closed trajectory in the phase space, which attracts other trajectories.

If a solution is norperiodic and stable at anynte, then it remains neperiodic at :
therefore this is not a pattern. If a stable solution is periodic at any time, then its phase portrait is
a center or a set of centers. A center is not an attractor, i.e. any other solatibatisacted to

it. Thus, it is not a pattern. We conclude that a pattern can occur only from an unstable behavior.

Consequently, stability analysis becomes the mainfeoatudying patterns.

As in previous chapters, we can imagine three mainstyepatterns: steaeltate patterns
SHULRGLFDOO\ RVFLOODWLQJ LQ VSDFH 7XULQJTVY SDWWHUQ
time and uniform in space (Ho QGURQRYTV SDWWHUQV tio-ten(p@a VLP XOWI
patterns which oscillate perimally both in space and in time.

The class of simultaneous patterns periodically oscillating in space and time can be very large.
A typical example is a standing wave, which exists in a system of three reaiffison

equations, but it does not ekin the case of two equations.

We can also expect that another subclass of simultaneous patterns exists, which has no relation
to standing waves but occurs near the Hapfironov bifurcation.

Our expectations are thus as follows:

- The number of equiains enables us to expect that this system has solutions in the
form of standing waves and Hepfiring oscillations. At the same time, we have

no idea about the probable impact of the exchange term.

The objective is thus to analyze the impact of the exchange terms and the number of equations

(three) on patternhatcan arise at

The stability analysis for a system of several differential equations can be perfoaséahidard

way by the method of perturbation, or one can use the general theorem of stability, which is
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known asRouth *Hurwitz theorem To formulate it, we need to introduce some intermediate

concepts.

Let be the steadgtate solution ofEq 11.89.) constant in space.
Such a solution must satisfy the condition: . Let us assume that such function has been
perturbed by an arbitrary perturbation of small amplitudd._et be the

response of the syste(&q 11.89.) on such a perturbation, so that the solution has the form:
. Substituting this expression in thgstem(Eq 11.89.), and neglecting higherder

terms, we obtain the following linearized system:

Eq 11.94.
where is the Jacobian matrix, which
occurs from the Taylor expansion of
We analyzethe perturbation in the form

Eq 11.95.
where , A is a constant vectok is the wavenumbemand  is the wave increment.
Substituting(Eq 11.95.) in (Eq 11.94.), we obtain the linear algebraic system

Eq 11.96.
As A is nonzero, we require that , Which yields a cubic equation with

respect to
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,  Where

vector is:

To formulate theRouth- Hurwitz stability theorem, it remains to introduce the concept of the

Hurwitz matrix , Which is defined as follows, for the system of three differential equations:

Eq 11.97.

2.5.3. Analysis of the characteristic equation: Routh- Hurwitz
stability criterion

Definition:
System(Eq 11.94.) is called to be stable if has only the roots with negative real

parts.

Indeed, in this case, any perturbatigig 11.95.) are vanishing at

Theorem:

System(Eq11.94.) is stable if and only ithe following two conditions are fulfilled:

(1) All coefficients of the characteristic polynomial are strictly positive:
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Eq 11.98.

(2) All determinants of principal minors  of the Hurwitz matrix L «lPare
positive:

Eq 11.99.

2.5.4.Hopf-$QGURQRYV D Quatt@XdJLQJITV

Such a pattern represents a periodic oscillation in time and uniform in space. So, the diffusion
term disappearshe analysis of the instability becomes simpler in the case of a diffusionless
system, in which the space derivatieksappear, and such a system transforms into a system of

ODEs in time.

For diffusionless cas€Eq 11.89.) give the system of OB (Eq I11.100.)

Eq 11.100.

In the absence of diffusion, the space variable disappears, anf=then

To analye patterns, we will need to use the criteria of instability, since the concept of a pattern
is closely related to the concept of instability. Accordin®émth- Hurwitz stability criterion

system Eq 11.100) is stable if and only if, simultaneously:

Eq 11.101.
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7KH FULWLFDO YDOXHVY T OHDGLQJ WKH DSSHietbtPeQEMH LQVWDE
correspods to a homogeneous medium (and two ODES). As seen, the variatiorhat some

impact on the instability domaikieterogeneity will help to develop and strengthen instabilities

Figurell-21 Plots of the boundary , and of the ODE system
considering

Hopf- $ Q G U R Qifirédtion:

The concept of a bifurcation of a dynamical system describes the behavior of its solutions in the
vicinity of a singular point with respect to continuous and monotonic variation of a parameter,
ZKLFK LV FDOOHG 3 FRQWURO SDUDPHWHU " RU BSELIXUFDWLRQ

A periodic oscillation in time and uniform in space, which attracts other solutions at
corresponds to a closed trajectory in the phase space, which attracts other trajectories. Such a

structure is called the limit cycle. In the case of two ODE, the limit cycle is a closed two
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dimensional curve. In a system of ODEs of higher dimesstbelimit cycle has the form of a
multidimensional torus.

A limit cycle is closely related to the concept of the HApfdronov bifurcation. The bifurcation

of a dynamical system means a qualitative change in the behavior of its soltraosgién

betwesn stable and unstable behavior, or between two different stable statesyicinity of a

singular point with respect to continuous and monotonic variation of a parameter, which is called
SFRQWURO SDUDPHWHU" RU 3ELIXURDWIRIE cade afieByststviHU = :H Z
(Eq 11.89.), the control parameters areand . Parameteq is the rate of nmient injection in

the medium and determines the impact of the external force. Parameagethe rate of mass

exchange by the nutrients between fractures and blocks and determines the impact of the medium

heterogeneity.

The bifurcation ofHopf-Andronov corresponds to the loss of stability of the singular point
3IRFXV" XQGHU D PRQRWRQLF DThiSnERGIV le@QXIR tKa/ockwrenc® WL R Q F
of a limit cycle around the focus. Therefore, the HApfironov bfurcation is related to a limit

cycle and to instability. This is not the single type of instability that can arise in a dynamical
system, but this is a single type of instability that develops to periodic oscillatory solutions, i.e.

leads to patterns.

The critical value of the control parametdat which the system undergoes the HAptironov

bifurcation will be denoted ag).

The value Y determines only one boundary of the area of the existence of the limit cycle. Near
this point, the limit cycle tma very small effective radius. Whdgmoves away fromu, the
radius of the limit cycle grows, up to become infinite at pd#at which is the second boundary

of the domain of existence of the limit cycle. The valdgcan be calculated only numerically.

For a nomattenuating and negrowing timeoscillating mode, it is necessary that
and . More exactly, the necessary and sufficient conditions for the syBighh100.)

undergoes a HopAndronov bifurcation at pointy are:
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(1) The characteristic equati¢iq 11.100.):

) or

has a pair of pure imaginary roots at point U with , and the

third root  is real negative.

(2)

For n=3, condition¢l) and(2) are equivalent to the following conditioisu, 1992 at

Therefore a solution oscillating around an equilibrium stat®eans that the selected parameters

are in the plan , , and close to the Hopf branch , with

Figurel-22 Thebehavior of the ODE system for ,
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Figurell-23 Thebehavior of the ODE system ,

Figure ,, 24 Thebehavior of the ODE system for ,

We can see that the concentration of carbon dioxide increases with increasing exchange term.
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Figure ,, 253D visualization of the behavior of the ODE system

7XULQJYYV SDWWHUQV

7XULQJYTV isS® Wvhw BitU Q , stationary solution of a reactiahffusion system

periodically oscillating in space and attracting other solutiblgcurs when a spatially uniform
steadystate solution , stable in the absence of diffusion, becomes unstatds wiffusion is

present. 7KHQ 7XULQJYV LQVWDELOLW\ RFFXUV LQ WKH DUHD RI
dynamical systen(Eq 11.100.) and the unstable zom# the PDE systern(Eq 11.89.). The stable
zone of the subsysten{Eq 11.100) corresponds to attenuating oscillations in time, i.e. to

. The unstable area is determined by the theorem of Rtwitz. Then we

REWDLQ WKH FRQGLWLRQV RI 7XULQJYV LQVWDELOLW\

Eq 11.102.

At thethreshold of the Turing instability, we would have
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To achieve the Turing instability, we seekwhich satisfy

with and
Note that
Eq 11.103.

Then, will take its minimum value, when

Eq 11.104.
Solving , we obtain the formula for K in terms of and , which is given
by

Eq 11.105.
To ensure , We require

We define the ratio

Then
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Eq I1.106.
Resolving this equation which @ésquadratic polynomial with respect to, we obtain :
Eq 11.107.
We can see that
Eq 11.108.
Both of conditions and must be satisfied.
Therefore, the conditions areconsidered.
Then, we have the following results:
(1) The equilibrium is asymptotically stable for
(2) The critical line of Turing instabilities is
(3) When, the equilibrium is unstable

and Turing destabilization occurs.
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Figurell-26 Bifurcationdiagram for Turing instability in parameter space  for

Figurell-27 Numericakimulation for Turing patterns of the average concentration and the bacterial
population in the dual porous model with

at t=1000s.
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Figure ,, 28 Spaial patterns of the average concentration and the bacterial population in the dual

porous model with,
DW W V 7KH GRPDLQ LV WDNHQ WR EH > @

The key factor inducing the Turing instability is diffusion. The instability region implies that a

Turing instability might occur if , which means that spatial patterns may form if the

dispersal rate of the gas is far greatenttiat of a bacterium. The difference in the diffusion

rates is a necessary, but not a sufficient condition.

The distribution of the concentration of nutrients in the blocks and in the fractures is exactly the

same because the patterns of Turing areostaty. This verifies the third equation of the system

2.55. :DYHYTV LQ V:WHDETOrinyvihstability:

It was concluded that the more complex patterns and instabilities can be foantesl
neighborhood ofhe intersection betweéluring and Hopf bifurcation lines. In this intersection

the instability is generated by thescillations of the stable limit ¢je andthe formation of
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diffusive instabilities; the conditions ledad a coupledbehaviorand then aspatiotemporal
pattern In double porous media, ith instability isless well studiedthough not of lesser
importance.

Indeed, we were able to captureese spatiwemporal structures numerically in the point of

coordinates

@.
&

Figure 1l 29 HopfTuring coexistence points
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Figure 1F30 Numerical simulation for Hopfuring patterns of the average concentration and the
bacterial population  in the dual porous model with

.att=1910

2.5.6.Numerical analysis of patternsin non-homogenized double
porosity model:

The romogenized double porous medium can give a qualitative description of patterns may exist
but arestill less close to the realistic scenarios expetdeztcur ina heterogeneous systeine
to the set of simplifications considered and that cost us geofoconsiderable effects like

memory and delay effects.

The nornhomogenized double porosity modeah give arise to more complex regimes of pattern
Herepatternregimes are@nalyzed numerically ire periodic double porous mediumQ WKH FDVH
RWIQHRIORPRIHQL]HG GRXEORWRARYY.MWX RFROS BHY VWU Q V
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6\Q FK URDRXWHLE@LODU S§BIWIMWHIURN DESRBN VERQYGEWWW X UHV
GLIIHDBHIYOMDVEHSHQGLQJ RQ WRM VKREEPLIRIGBRZLQJ ILIXUH

Figure ,,31 Synchronou3uring pattern irthenon-homogenized double porous medium

Figure ,, 32 SynchroousJumping waves pattern thenon-homogenized double porous medium

'XH WR D G HDDFKURDBXNHWIGMAHDWLQJ G L MHQY HOQ WK U UKHF W
YUDFW X U H YO ERVRPRW XAMQ RGP W KH EO RGN WRIPP RI D 310DV
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WUDYHOV EFHOREHHD MKKCHEWPELAZDHG ZLWK 7XULQJ SDWWHUQV |
REWDLR®EBPSOH RI DVI\QFKURQRXV SDWWHUQYV

Figure [F33 Asynchronougpattern: traveling flashes / Turing

Figurell-34 Asynchronougattern: Turing in the fractures and stable regime in the blocks
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2.6.CONCLUSION

In this chapter, w have analyzed the general conditions of the occurrence of patterns in
homogeneous media. In particular, we have shown that a new pattern exists in the case of only
two diffusionreaction equations, which is nonstationary and behavesngeng waves

After this we have extended our analysis to heterogeneous media, which were analysed in terms
of the macroscopic double porosity model. We have shown, in first, that the double porosity
displaces the criteria of pattern formation. We have shown that dborsdry patterns, the
concentration in fractures and in blocks are identical, which corresponds to classical behaviour
of the solutions of the double porosity equatidnsaddition we have revealed the existence of
patterns, in which theoncentrations in fractures and blocks are distinct. They undergo spatial
and temporal oscillations, which have distinct amplitude, frequency, and phase. This is possible

only for wavy patterns, nestationary. This was confirmed by our numerical tests.
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o, VA= R8I NUMERICAL ANALYSIS OF THE MODEL OF

GAS TRANSPORT WITH BIOREACTIONS AND
BIOCLOGGING OF PORES
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3.5. CONCLUSIONS 145

3.1. INTRODUCTION

This chapter aira to develop a conceptual model of fslogging and bieplugging and its
implementation into a thregimensional numerical model designeditoulate reactive transport
coupled with the dynamics of bacteria. The main purpose of such a model is underground storage
of H2/ COy, but it can also be applied to other forms of flow and transport in porous media.

The development of the model of Biortamination was focuseah:
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1. Developing mathematical description to various mechanisms of microbial detachment, as
erosion (the loss of single microbes), sloughing (the loss of clusters of microbes), abrasion,

grazing predators, dispersionufenkji etal. 2007, S. Aggarwal et al. 2019

2. Finding the dependence of the detachment rate on the flow velocity: iredesdficiently
high flow velocity above a threshold value, immobile biomass may be detached and
transported byhe surrounding fluid, especiglin the neatwellbore region where the flow

velocity is maximum.

3. Finding the relationship for permeability as the function of thecbimtamination rate and

the flow velocity

4. Explore how the potential of microbial accumulation could control the direciathe
subsurface hydraulic flow and enhance bioconversion of hydrogen and show hew pore

clogging can affedhebiomethanation of hydrogen.

Regarding the numerical model, we used the simulator BuMpen scientific software for
simulating Multiphase mticomponent flow and transport processes in porous media, developed
at the University of Stuttgart and based on the mathematical platform Duma developed by
Heidelberg {imo Koch et al. 2021

3.2. REVIEW OF PORE CLOGGING BY BACTEIA

Predicting the impact of pore clogging by bacteria on porous media requires a comprehensive
PDWKHPDWLFDO PRGHO WKDW FRXOG GHVFULEH DOO WKH PHF
and pore pluggin¢\ .Eddaouil. 202). Bacterial attachement, detawent and bioclogging are

reviewed in section 3.2..

The impact of bacteria on porosity and permeability of porous media was stuffse@lotteroa

et al. 2013T. Martin et al. 2002P. Thomas et al. 203 M. Thullner andw. Kinzelbach 200

Due tothe comparable size of bacteria and pores, a few cells are sufcient to completely plug up
a pore channel. The formation of a{plug starts in narrow pores in stagnant zones, but then
spreads to neighboring active large pores due to the growth of abem#tybacteria, as well as

due to the capture of new bacteria into the plug. As a result, this changes fow pathways and
103



CHAPTER Il : NUMERICAL ANALYSIS OF THE MODERARSPART WITH BIOREACTIONS AND BIOCLOGGING
OF PORBNoura Eddaoui

reduces the permeability up to two or even four order of magnifdBrovelli et al. 2009

believe that clogging is caused just by fikration of dead cells and mobile microbes from liquid

and their attachment to pore walls, but not by the biomass grafdhHam et al.2007
demonstrated that the permeability is infuenced by both biomass growth and the detachment and
reattachment of dcteria to surfaces. The impact of biomass attachment/detachment on the
permeability and porosity, which can lead to partial clogging, has been also shbv@einetta

et al.2008

Constitutive relationships for the dependence of the porosity on thertositon of bacteria
have been developed i.(Brovelli et al. 2009 M. Thullner andW. Kinzelbach 200¥, by

exploring experimental data.

3.3. BACTERIUM ATTACHMENT, DETACHMENT AND PORE
CLOGGING

Bacteria inhabiting in porous rocks can exist in two nfaims: freely floating plankton and

slimy biomass film attached to the pore walls (biofjrifrevor R. Garett et al. 2008These

two forms transit to each other, bacteria attach tocamtinuously detach from the wallsot

only individual bacteria cametach, but whole biofilm fragmentssLR ¢ OP UHSUHVHQW\
privileged form ensuring a protected and safe habitat for bacterial gfowtior R. Garett et al.

2008, butin most situationgbove a flow velocity threshold biofilm may detach frirasolid

surface by the surrounding fluid abdtransported by it, especially in the neegllbore region

where the most drastic changes in velocity and pressure are expected to occur. Nevertheless,
bacteria flowing in suspension may be removed from thd #ndbe blocked in the pore wail

by one of the following mechanisms: gravitffusion, or interceptionTimothy D. Scheibe et

al. 2006; Trevor R. Garett et al. 2008; A. Brovelli et al. 200he adhesion of bacteria to the

pore walk has been found tbe dependent oa large number of parameters, including flow
velocity, fluid density, physical properties of microbial microorganisms (e.g., bacterium size and
density) and hydrodynamic properties thfe porous mediumThe commonly approach used for
modding microbial trapping in porous media is the classical colloid filtration theory
(Cunningham 1991; Tufenkji 2005; Mitchell 2010’he conversion of attached biomass to

detached and vice versa, due to attachment and detachment is assunagdverisile process.
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Biomass attachment/detachment modify local pore space and the effgopegties of porous
media(Soares et al. 1991, Wu et al. 1997, Thullner et al 200tthili et al 2005, Brovelli et al.
2009. Immobile biomass is able to plug pores and reduce porosity and permdabdlityr R.
Garett et al. 2008

3.3.1. Physical description

+ Bacterial attachment:

The dtachment process offers bactemany protective advantages to sustain survival in a
favorable environmental host. Surface attachment facilitates nutrient capture and stimulates
bacterial reproduction Some bacteria obtain their necessangtabolites directly from the
surfaces to which they adhgf@lga E. Petrova et al. 20)LZThe surface itself provides bacteria

an advantage over the liquid abovedbmpared to detached bacteria, attacheuloorganisms

are better resistant to nutriemfitient changing hydrogeochemical conditions and antimicrobial
species (Wimpenny et al. 20007revor R. Garett et al. 200&Iga E. Petrova et al. 20112

Bacteria within biofilms are notably resistant to their predasnaell

Experiments show thattached microorganisms can play a key role in dioxide cddakage
mitigation strategies, due to their ability to penetrate small fracture apertures. Attached bacteria
can significantly increase the resistance of leakage pathway to flow to set up @ibyaica
barrier and plug i(Anozie Ebigbo et allyitchell et al. 2010, Adrienne J. Phillips et al. 2p13

Bacterial adhesion to surfacalso has several disadvantagesny industries suffal -effects

of bacteriumsurfaces interactiong\drienne J. Phillips et al. 20).3mmobile bacteria exhibit
different behaviors than fremoving bacteriaAttached microorganisms forming biofilms are a
consortium of microorganisms workirgynergistically(Torben LundSkovhus et al 201 The
presenceor activities (or both)of attached bacteria forming biofilm mdgad to changes in
surface chemistryvhich couldresult inmicrobially influenced/induced corrosigghenomena
(MIC). Attached microorganisms caccelerat rates of partial reactions in corrosithrough

their metabolic processes such as cathodic depatamn through hydrogen utilization, sulfate
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reduction, iron oxidation, and sulfur oxidatibfveimin Zhao et al 207)8In the underground gas
storage and oil reservoir industtijs causes seriowmmagdo pipelines angrocess materials

and is estimated toostmillions of dollarsperyear, in failuresandon pipelinerepaiing costs
Biocorrosion constitutes over 25% of the failures experienced in the oil and gas industry

(Kermani and Harrop 1996

Figurelll-1 Sketh of leakage scenario. The caprock near the injection well is damaged and serves as a leakage
pathway for CO2. The simulation domain comprises the caprock and the saline aquifer in which thesto@d i
(Anozie Ebigbo et al. 2010).

Figure ,,,2 FESEMimages of (a) Berea sandstone core prior to inoculation showing the microordezgsm
mineral surfaces of the quartz grains which make up the sandstone, anih@b@mination of the experiment
showing an assemblage of microorganisms attaadh#tetmineral surfaces (Andrew C. Mitchell et al. 2009).
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The commonly approach used for modeling microbial trapping in porous media is the classical
colloid filtration theory(Cunningham et al., 1991; Tufenkji et al., 2005; Mitchell et al., 2010
Sukumar Royet al 2018. The microbe is treated as a spherical particle moving through a
spherical grain callettapper When a free bacterium touches a pore wall, it can colitlethe

wall releasing a sticky fluid. The probability of attachment is Veg, as bacteria hawesticky
surface. Thus, ithegeneral case, one can introduce a probability of attachment which is defined
as the ratio of a number of successfully attached cells to a total number of cells contacting to the
pore walls. If one assumes that any collision between a bacterium and thei®teads to the
attachment, then this probability is equal toTaking the simplest case of bacterium/trapper
mediated attachmenbacteria flowing in suspension még removed from thpore fluid and
blocked in the porwvalls by three mechanismél) diffusion mechanism of deviationthe finer
microorganisms are usually retained by diffusidhe dffusion of a bacterium is a chaotic
motion superposed over the advection. Bacteria cannot strictly follow the streamlines, move
randomly (i.e., Brownian movement) until they collide with the pore waliseen in Figrelll -

3, the streamline does not wuthe solid, but the bacterium can touch it due to the chaotic
diffusive motion around the streamlif@) interception mechanisieven if a bacterium moves
strictly along a streamline, it can collide with the pore wall, if the streamline passes nealt,the

due to finite size of the bacterig3) inertial mechanismIf the streamlines are curvilinear, but

the transport velocity is high, bacteria deviate from the curved trajectory and tends to travel along
a straight path due to the inertia fo8auce (G. Miller et al. 2017 Rachel M Wheatlewt al

2019

Figure ,,, 3 Schematicepresentation of a microbial particle collision and attachment interaction in classical
colloid filtration theory
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In general, bacterial adhesion depends on multiple fadtargsic (density, bacterial
dimension...) and extrinsic (viscosignd velocity of flowing fluid, drag force created by the
moving fluid...) ofattacheesurface bacterium. The dominant factor here is flow conditions that
strongly impact the number of athedsurface bacteria in porous media and break bonds
between bacterium and pore wall$ie higher the shear rates the stronger the detachment forces.
The rate at which the microbial cell detach is reported to be a function of the adhesive forces

betweerthe biofilm and the surface to which it is attacl@tbodley et al. 2001

+ Microbial detachment:

Microbial detachment process is instead less well understood. Detachment of bacteria
from a pore wall can occur in different forms (e.g., erosion, losggfe microbe, loss of clusters
Rl PLFURE®&MKis reported to be the most significant mechanism among NMriie
biomass can be transported by fluid flow and can also be actively moving in response of a
chemical gradient (chemotaxig)ufenkji & al. 2007.

The individual bacteria attached to the pore swain be detached if the flow velocity of the
surrounding water is sufficiently high. For a waétveloped biofilm, the force of its adhesion is
very high, so that its detachment can occur ahlyery high flow velocities, which are impossible
to reach in natural underground reservoirs. Howdhercreation of a biofilm in narrow pores of
geological media seems to be very low probable, therefore we focus our attention on the
detachment of indidual cells but not a large biofilm. The detachment of a single cell can occur
at sufficiently low flow velocity, comparable with those of geater flow in underground

storage of hydrogen.

The detachment of microorganisms from microbial biofiims has lstadied in flowing
systems where the dominamiechanisms were perceived to have been local shear forces
(Katherine E. Fish et al 20).8Unlike some conventional materials like solids, which can be
tested by simple mechanical tests (compression, elongation...), or fluids, for which we perform
rheological measurements withedmetry,adhesive forces dfacteria attached to surfaca®
diffi cult to test mechanicallyraditional methods for measuring microbial detachment rate exist,
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including butarenot limited to,counting the number of cells before and after the detachment
event (adhesion number), or measuring the critical force dadetachment test.

An experimental investigation of detachment in bacterial biofilms demonstrates the influence
of shear stress on biofilm detachment and relates the mechanical properties of tbitfiém
mechanism of adhesive failuf&toodley et al. 2001 The experience consists growing
biofilms in square glass capillary flow cells under fluid shears rarig¥d. #3600, from periods
of between 5 and 31 dayBhey sibject biofilms to variations in shear by adjusting in flow rate.
Using atime-lapse epifluorescence microscotfeey enumeratethe suspended bacteria and
quantify biofilm deformation in response to fluid shear by measuringethéting strain in the
longitudinal direction.The experimen reportedthat the detachment of bacteria dege on the

preceding conditions during the period of their attachment.
Let us consider a freely moving bacterium in water that begins to attach to a solid andface
be the flow velocity of water in course of the bacteriunchttzent. This velocity determines

the shear stress (or the adhesion force) between the attached bacterium and the solid surface. It

is clear that the shear stress is higher for high After the complete fixation of the bacterium
on the solid surface, we increase the flow velocity of water up to a critical vahtevhich the
bacterium detaches. It is then expected thadepends on , which was confirmed by
experiments published by Stoodley et al. If the flow during the attachment was laminar, then

is sufficiently low. If, in contrast, the flow was turbulent in course of the attachthemnt, is

very high. Although, theexperiments conducted b$toodleyet al. demonstrate that cells
detachmenbccurs sometimes at shear stress approximately twice the stress at which attached
bacterial was growingStoodleyet al. 2002).The corresponding experimental data borrowed

from Stoodleys studies are shown ifRgurelll -4.

Bacteriain anunderground gas reservoir, which exist at very low flow velocity, are weakly

attached to porealls,and can be easily detached at a weak shear.
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Figurelll-4 Sheafrinduced detachment of attached microorganisms (Stoodley et al.2002).

Detachment of microbial cells is likely to be followed by attachment of cells as long as the
attachment conditions permit, deettransition of attached bacteria to detached aredversa is

a continuous process.

+ Bioclogging:

Hydrodynamic properties of porous mediach as porosity and permeabilitgn change
significantlyover time due to thmicrobial activitie{Soares et al. 1991, Wu et al. 1997, Thullner
et al 2001 Mitchell et al 2005, Brovelli et al. 2009The shape of the permeabiliyorosity
curve is dependent on both the properties of the porous medium and of the Bibélgrowing
bacterial populatiorran plug the small pores and reduce porosity and permealdilitgvor R.
Garett et al. 2008 ZKLFK L Vbiéchgyddi Bio€logging is a complex phenomenon

resulting from the interaction of many different processes.
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According to the reviewgaveyeet al. 198, Yanget al.2021), poreclogging can be divided

into three categories according to their causes: physical clogging, chemical cl@ayginye
clogging. Physical clogging is caused mainly by the suspended soliter; chemical clogging

is caused mainly by chemical precipitation. #logging is due mainly to clogging problems
caused by microorganism growth and trapping in narrow pores (filtrationcl@yging was
observed visually and imposed a lot of teichl problems in various fields of geosciences, for
instance groundwater extraction, or various techniques of artificial groundwater recharge:
injection of water into the subsurface through injection wells, redirection of water across the land
surface though channels, infiltration basins, ponds, creation of irrigation furrows or sprinkler
systems. In another practical technology, namely, the microbiological enhanced oil recovery,
bacteria are injected with water to create artificial-fiags in porous mdia, to redirect the
preference pathways of flow and displace oil from stagnant Z8mesudser?2015 Sidsel2010,
Updegraff et al. 1983 Microbiological pore clogging is important in another engineering
application related to CO2 entrapment in subtezaarformations. Bacterial plugs prevent CO2
leaks(Adrienne et al. 2013

Figurelll-5 Microscale experiments conducted bya(ey D Nadel et al. 20) describe changes on flow paths
due tothe local clogging in pore spaces by WIW\SH JUHHQ DQG "SHO$ UHG 3 DHUXJLQ
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(Ham et al. 200y reported that the increase or the decrease can occur not only due to
microbial growth and/or microbial decay but also due to some microbie¢gses such as the

detachment from and (re)attachment of bacteria to the surfaces.

(Thullner et al. 200Rinvestigated the influence of microbial growth on the porosity and
permeability of porous medigThullner et al. 200Phave shown thamicrobial growth may
reduce the hydrodynamic properties of porous media up to twosarderagnitude and lead to
bioclogging In addition to that, microbial activitiessan dange the flow patterim the narrow
porous.(Thullner et al. 200Rsuppose thathe bioclogginghappens meanlyear the inlet or

injecting nutrients portévellbore zone in our case

(Brovelli et al.2008 have considered that the porosatyd permeability changearelinked
to the filtration of colloids suspended in the pore fluidy(elead cells and detached microbes
(Ham et al. 200y demonstrated that the permeability and porosity of porous media can be
affected by biomass growth and attachment on the solid matrix.

Studies correlated biomass growth with hydracdinductivity reductiorf\Wu et al., 199), other
studies linked the biofilm thickness with the permeability and porosity of porous media
(Cunningham et al., 199land biomass density with the reduction of hydraulic conductivity
(Taylor and Jaffé, 1990a

3.3.2. Mathematical model of attachment, detachmentand bioclogging

Good overviews oficrobial adhesioaregiven in(Timothy D. Scheibe et al. 2008athalie
Tufenkji et al. 2006lan L. Molnaret al. 201%. In this thesis, we focus on a basic description of
adhesion that is coherent in most-baloids filtration concepts.We calculate tte microbe
attachmentrate coefficientwith an extended relation derived frofhathalie Tufenkji et al.
20009:

Eq lI.1.
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where,

, and Eq I1.2.

are the probabilities of a collision by three mechanisms desgrnilsedtion (3.1.1)
; Is the attachment probability after a collisionjs the porosity; is the pore diameter;

is the flow velocity (the absolute value). The dependence adn the flow velocity is obvious,

as nothing is trapped if nothing flows. Similarly, for the pore diameter and tbsifyonothing

is trapped if the pore volume is too large.

The probability depends on the pore sjbeit can be assumed to be equal (gdan-Mu et al.
1971) because a single contact between a cell and the solid wall is enough to attach the cell.
The probability of a collision is the main parameter to determine. To

determine three components that correspond to three mechanismisioficoientioned above,

let us introduce the following notations: is the coefficient of cell diffusion; is the diameter
of a bacterial cell; is the dynamic viscosity of water; is the Boltzmann constant;is the

temperature; and are the bacterium and water density, respectively.

The probability of collision dueotstochastic fluctuations is all the higher as the diffusion

velocity of bacteria is high compared to the convective velocity. In other words,

is inversely proportional to the Peclet number . In turn, the diffusion parameter
can be estimated from various seemipirical formulae developed for diffusion in liquids,

which are based on the StokEmstein formula: . The more developed

formulae contain several empirical coefficients and exponents.
The probability of the geometrical interception is proportional to the ratio of the bacterial

and pore crossections . More precisely, it can be calculated as the probability that a
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small circle that occurs randomly inside a large circle will touch the borders of the largge circle

which will lead to the appearance of a numerical coefficient in front of

The term of inertial deviation is proportional to the difference of bacterial and water

densities and then it can be ragkd sincéhedensity of bacteria, which consist of nearly 70%

of water, is practically identical to that of water

Collecting these results we obtain definitely the following expression:

Eq II1.3.

Biofilm detachment fronthe solid surfacecould bedetermined by theelationshipbetween the
adhesive force and the shear stress caused by thatiahfiew of surrounding fluidStoodley
et al. 2001, Rittmann 19%2Here, he microbial detachmentate coefficient is an exponential

function of the magnitude of the watghase flow , as reported byStoodley et al.2002

Eq Il.4.

The modekontains three empirical parametehe critical velocity of detachment (below which

the detachment is impossible) ; the maximal velocity  at which the detachment rate

stabilizesand the maximal detactent rate  that corresponds to . The critical velocity
depends on the initial velocity of the bacterium attachment as explained in the previous

section.

Experimental data show that the critical shear stress of detachmisrpproximately twice as

large as the initial shear stress (under which the bacterium has been attached):

Eq lI1.5.
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This implies that:

Eq II1.6.

Another semiempirical model was proposed jRrittmann 198) based on the physical
characteristics, shear stress, media poroaitg specific surface are@serald E. Speitel et al.
1987 proposed that in addition to the physical characteristic, the biological effect should be as
well accounted for biofilm detachment; this is through bacterial growthEzgperiments proved
that high growth rates (i.e., fagtowing biofilm) make the bidm much more susceptible to
detach compared with slegrowing biofilm. (Gerald E. Speitel et al. 198proposed the

following two-term model for biofilm detachment rate:

Eq III.7.

The first term account for the external shear stress exerted by the flow on the biofilm surface and
the second term is an internal force exerted by microorganisms themsetiwebiofilm surface.

is the detachment rate, , and are empirical parameters dependenthefmicrobial

substrate. The coefficients and  can be taken frorfRittmann 198 experimental data, set
to be and 0.58 (resp.)Gerald E. Speitel et al. 19B@btainedvalue for ranging

from to by performing dinear regression analysis. is the growth rate.

As mentioned in the last sectiomet growth of the bacterial population can lead to large
accumulations of bacterial cells that clog the pores, which causes a reduction of pexisity

and permeability. Several models exist that relate the porosity to biomass growth with
monotonically decreasing functiofSivan et al. 2005Kirk E. Nelson et al. 2001 However,
permeability and porosityreduction can be defined as a domear function of bacterial
accumulationBrovelli et al. 200 7KLV LV LQGHSHQGHQW RI WKH VWDWH
GHWDFKHG

QVWHDG WR CRQNBEBER BHOBRURNQWEKRPDWVFNXPXODWERQ

FRQVWEROORZRQO®L QHPE MHFADO UHODWLRQVKLS
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Eq II1.8.

ZKH@GHV WKH QXPEHU RI EDFWHULD QHHGHG WRLBKW\D DR [LI
HPSLULFDO S BthD porosityHothe clean reservoir without bacteria.

7KH YDULDWLRQ RI SHUPHDELOLMQ HWIO ERPHRERMQPLOEBG |URP \
PDJQLWXGH Rl SHUPHDELOLW\ UHGXFWLRQ CarHS&HKQEBY RQ WKH
1937

Eq I11.9.

3.3.3. Full model of two-phase transport with bioreactions and bioclogging

The coupled model that describes the flow of two phases (gas and water), transport of four
chemical componentdHtO, H,, CHs, CCO), dynamics of two classes of bacteria: attached
(immobile) and detachedransported); bacterial attachment and detachment kinetics, and pore

clogging is based on the following main assumptions:

X The mass exchange in chemical species between two phases is instantaneous, which
means that the phase concentrations are governin lbycal phase equilibrium. This is
justified by a fine dispersed structure of phases in porous medium and the large surface

of contact between them

X The detachment and attachment of bacteria means the transition of one class of bacteria
to another one

X Bacteria do not attach to each other, as they have physiological mechanism (flagella) that
prevents them from mutual collisions

X The mechanisms of transport are advection, molecular diffus@hbuoyancy
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X The porous medium is nondeformable

The mass dlance of detached and attached bacteria has the form:

Eq 111.10.

Eq I11.11.

The mass balance of chemical species is:

,  k=H2, COQy, CHs, HO  Eqlll.12.

The momentum balance of two phases:

, Eq I11.13.
Eq I11.14.
where is the water saturation; is the mole fraction of componeitin phase ; is the

molar density [mol/rf|; s the Darcy velocity; is the phase pressure; is the mass density
[kg/m?); is the dynamic viscosity; is the gravity acceleration vector; is the absolute
permeability; is the phase mobility; is the relative permeability; is

the medium porosity; and are the rates of bacterial growth and decay per one bacterium;

is the production/decay rate of componledue to the bieactivity; is the capillary

pressure.
Herein the term$ +VII are the rates of:

| and V: the growth of the mobile and fixed populations, respectively;
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Il and VI: the population decay;
[ll: the attachment of bacteria to the pore walls;
IV: the detachment of bacteria;

VII: the rate of production or disappeararaf componerk (the biareactions occur in water,

this is why only the water density and saturation enter in this formula).

The density othegas is assumed to be linear with respect to pressure as for the ideal gas. The

liquid density was calculated as that of an ideal solution.

The function of population growth is a fundamental characteristic of bacterial dynartties

characterizes the individual physiological property of the population. For the methanogenic
bacteria we are studying in this work, population growth is directly dependent on the
consumption of carbon contained in £ addition to this, nitrogen, pkphorus, sulfyrand

other elements are also consumed, but in significantly smaller quantiti@gldition, bacteria
consume C®@and H for respiration, which is a redox process that brings energy to bacteria. The

respiration act can be summarized in the form of the following chemical reaction:

4H,; + CO; AECHs + 2H:0 + energy Eq I11.15.

The emitted energy is consumed by bacteria.

Although respation does not directly lead to an increase in the biomass, it slows down or
accelerates it, sinceithout sources of respiration, any activity of bacteria dies out (they go into

hibernation).

Consequently,the nutrition rate can be considered proportional to the respiration rate
(synchronization hypothesi€;anfilov 2019, and thus it is proportional to the concentrations of
CO. and H in the surrounding watelf we take into account that the growth ratebilizes with

an abundance in G@nd H, then we obtain the multiplicative Monod's taw

Eq I11.16.
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where and are the haMvelocities constants, is the characteristic time of growth

under the conditions of excess in nutrients.

Along with growing, a population can decay, which is mainly causednigyoorganisms
predators. Then the decay depends on the concentration of predators, which, in turn, increases
due to the presence pfey. Consequently, the decay rate is a functiormefconcentration of

methanogenic bacter{&@anfilov 2019

Eq I11.17.

where s the characteristic time of decgyga, d for attached and detached cells, respectively;

Eis an empirical parameter. According(tdurray 1993, we accept the linear approximation

between the total decay rate and the number of bacteria, tHatlisThe data for ~ can be
found in(Panfilov 2019.

The rate of the disappearance of,Has well as the rate of production of £behd HO is
proportional to the rate of microbe respiration, in accordaittethe methanation reaction, so
that

H,, CHs, H2O Eq 111.18.

where s the stochiometric coefficient : : and ; Yis the
reaction yield: the ratio between the biomass growth and nutrient consumption. If all nutrients

were transformed into energy and biomass, then . In reality, only a part of

nutrients is transfored, so that . This parameter is empirical and cannot be estimated
without experiment. Several data ¥ncan be found in the literatu@anfilov 2019, Murray
1993.

For petrophysical functions as relative permeability and capillary pressure, we used polynomial

approximations.
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BrooksCorey Model(1964) Eq 111.19.

Eq 111.20.

is the residual wetting phase saturatibat cannot be displaced by the ramtting fluid

phase and remains in the porous medidine parameter can be found experimentally

depending on the pore size distribution.and  are the porosity and permeability of the clean

medium without bacteria; is the surface tension at the interface-gaser, is the contact
angle for the system gagatersolid. The pprameter enables us to take into account the spatial

variation of the capillary pressure in a heterogeneous medium.

The molecular diffusioms described in our mathematical model by ieF NV ODZ

Eq I11.21.

The molecular diffusion coefficient of component k depends on the binary diffusion coefficients

and . The actual trajectories that individual fluid particles follow in any porous medium

are tortuous. Consequentick fV ODZ LV XVXDOO\ FRUUHFWHG E\ LQWURG

Values for was suggest by Millington and Quirk(1961) where

Eq I11.22.
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The mole fractions of components in gas and liquid are governed by the conditions of phase
equilibrium In fact, a porous medium with its small pores and many branching of pore channels
provides a finely dispersed structure of phases (drops or bubbles, or films, etc.) with a large
contact surface between them, which makes the establishment of phase equidrgidast. In

terms of fugacity, the equilibrium is formulated as follows:

Eq 111.23.

for all componentk, where the structure of the fugacity is well developed in thermodynamic
literature. Inthe SDUWLFXODU FDVH WKHVH HTXDWLRQV FDQ EH

components:

; , Dgw Eq I11.24.

and the condition otheinsolubility of water in the gas phase: . HereH¥ is the Henry

solubility.

This system of six equations contains nine unknowns: height concentratiamsl pressure

. Therefore, two concentrations can be considered as independent (for instanead ),

while six other concentrations depend on and pressure .

The phase composition can be disturbed by a chemicalaeatinlike phase equilibrium, a
chemical reaction is a kinetic process, that is, a nonequilibrium effect. Then the phase equilibrium
can also be violated. This difficulty can be circumvented by assuming that the characteristic rate
of stabilization of thgghase composition is much higher than the rate of the chemical reaction.

This assumption is widely used in geochemistry and petroleum engin€eniogr Hagemann
2017).

The molar balance equations are closed by the sum of saturatiocenaedtrations:

and Eq 111.25.
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3.4. SOLUTION OF THE PROBLEM

In thissection 3D numericakimulations are carried otd demonstrathe modék capabilities.
The model describes the myihase multicomponent flow coupled with bioreactions,
bioclogging processes and takénto account the microbial (r@fachmentietachment
mechanisms. For the numerical simulatioms,decided to use numerical simulator MMu*.

The chosen parameters are assumed to be realistic.
The following targets are proposed:

x evaluate the wellbore biocloggingy the biomass productionprocess in

undergrounchydrogenstorage.
x Explore how the potential of microbial accumulation cauighactflow pathwag.

x Show how porelogging can affedhe biomethanatiomeaction

3.4.1. Description of the solver DuMuX

DuMu® istheAbr. of Dune forMulti-*3KDVH &RPSRQHQW VFDOH 3K\VLFV «°
processes in porous media. It is a téml simulating Multiphase multicomponent flow and
transport processes in porous medeveloped at the University of Stuttgartthe Department

of Hydromechanics and Modelling of Hydrosysteffisno Koch et al. 2021 DuMU* is based

on DUNE, the Distributed and Unified Numerics Environment, which is an-cgmentific
numerical software framework written in C++ for solving partial differential equations (PDES).
DuMuX includes several models of multiple compleegt from stationary isothermal single
phase flow to unsteady nasothermal multiphase compositional complex flow processes and
with challenging complex porous media. The software has been successfully apgiiedate

a number of geological gas (g®2, CHs « storage scenarios, transport of therapeutic agents
through biological tissuéschroder 201y simulatingbrain tissue perfusioflrimo Koch et al.
2020, modeling of biofilms and mineral precipitation, modeling rsoil interaction, modeling

Oil Recovery Process€dumux.org. Otheravailable concurremumerical simulatorslealing

with nortisothermal multiphase multicomponent transport processes carouel fe.g,
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COMSOL Multiphysics,OPM, ECLIPSE, ELSA, FEHM, GEM, GPRS, MoReS, MRST,
MUFTE, OpenGeoSys, PFLOTRAN, ROCKFLQW

DuMu* software consists of met$, each one can be used depending on the problem that needs

to be handled. An overview of the currently available models is given in the following table:

coupled fully implicit decoupled semimplicit

1p, 1p2c, 2p 2plc, 2p2c, 2pdfm, 2pminc, 2pn
2pncmin, 3p, 3p3c, co2, mpnc, nonisotherma
Richards, 3pwaterqiRpia, 2p2cia, 2pMINC, 1p, 2p,2p2c
linear-elasticity2pDFM, 1p2cDoubleContinuyn
1DPipe3DPorousFlows

Table5 Currently available models within DuMux (p: phase, c: componenomisothermal, min:
mineralization and ia for interfacial area

Figurelll-6 Structureof a coupled fullyimplicit (left) and a decoupled sesmplicit (right) scheme in DuMux.
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For the solution ofhe porous media problem®uMu* accord to the user to choose between

two existing standard approaches: a coupled fully implicit aggtrcand a decoupled semi
implicit approach. Thdirst discretize the coupled balance equations by an implicit method in
time, while in the second, two different discretization methods are used, the pressure equation is

solved implicitly, and the transport is solved explicitly.

Euler scheme is implemeast for the temporal discretizationthe forward or the backward

quotient leads to the explicit and implicit Euler method, respectively.

Looking an unknown quantity u in terms of storage term M, fluxrid source S

Eq 111.26.

in anexplicit Euler method, F and S are evaluated in terms of known quantities at the previous

time step.

Eq I11.27.

while an implicit formulation the quantities F and S are evaluated as unknown quantities at the

new time stek+1,

Eq 111.28.

The implicit Euler scheme is unconditionally stable, while the explicit method is stable only if

“\i¢ low thanacertain limit that depends on the problem equatieak(ig 1997.

Our system of partial differential equaticsisould bediscretized in space as wdlluMu* allows
the use of three different spatial discretizatinathods for the different models: (1) tbell-
centered finite volume methsg(2)thevertexcentered finite volume meths@the box method)
(3) and the standard Galerkin finite element methodhe most widely used methods for

modeling thermaehydro-mechanicachemical and biological processes in the process of gas
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storage are the fullyouipled celcentered finite volume andertexcentered finite volume
methods For the celicentered finite volume methadsfinite volume discretization is required.

The fluxes are balance over the control volumes and the remain discrete values alaeteterm

at the center of the grid celHowever, for the vertexentered finite volume methods a secondary
finite volume mesh, based on a finite element mesh, is constructed by connecting the barycenter
of the element with the midpoints of the element edgks.fluxes here are balanced over the
subcontrol volumes of each element and the discrete values are calculated at the nodes of the

elementgJohannes Martin Hommel Thesis 2p16

(a) Control volumes of the vertesentered FVM (b) Control volumes of the cetlentered FVM

Figurelll-7 Meshes and control volumes of two FVMs.

The unknowns are associated to black nodes (Dutdndbook)

We will consider here a cetlentered implicit Euler scheme; The finite volume method consists
in discretizing the integral form of the systemegfuatiors on each control volume aadsume
that the solution everywhere in the control volume is equal to the eeligey valueThe integral

form can be written as follows:

Eq 111.29.
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is the interior and is theboundaryof thecontrol volume ,  denotes the (problem
dimension-1)-dimension measure of the boundary andis the unit normal vectadio at

point outward to

Eq 111.30.

The quantitiess in thecontrol volume  and the neighboring are needed to calculatest

flux integralacross the interface .

Eq I11.31.

n is the number of neighboring control volumes. For a common face of two control volumes

and , the normal fluxes satisfy the conservation property :

, since : Eq I11.32.

The Final discretized system may be written as follow:
Eq I11.33.
(31)

To solve this system it is necessary to linearize the equations. This is done with the-Newton

Raphson metho¢h rootfinding algorithm). e result is alinear equationsystem thatan be

written as

Eq 111.34.
wherem is the iterations counter. is the vector of primary variables, is the Jacobian
matrix, is thecorrectionof the solution vectgiand is the residual vector.
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The new solution is calculated by:

Eq 111.35.

The convergenceest is dondy comparing the primary variablés the sameatep ofcalculation
before and after an iteration of the solgaiutions If a residualreductionis achieved,the
solution is written out anthe next iteration step can starhe simulation ends when the final

simulation time is reached.

3.4.2. Implementation of the model into DuMu*

The mathematical model describadsection3.1was mplemented into DuMuXWe have used
an extended coupled moduleatincorporates the biceactive transport into twphase multi
component flow module, that we called 2P4C2B (phase foicomponent and two microbial

species).

The flow and transport processes taken into account by the model are advection, buoyancy, and
diffusion. The fluid system contains four chemical componentsO,H+, CHs, CO. Two
additional balance equations are added to the 2pnc model one for attached microorganisms and
the second for free bacteria. No interactions between the molecules dféhenticomponents,

so all phases are ideal mixturébe gas phase is assumed to be ideal, and the gas density is given
by the ideal gas lawlhe interactions between the fluids and the porous medium are considered
using capillary pressures and relatiw¥rpeabilities as functions of the fluid saturatitimstare

given by Brooks Corey model with parameters . Hydrostatic pressure
distribution is applied. Adapted set of primary variables{population of attached bacteria),

(population of detached bacteria)

The possible appearance and disappearance gihase is controlled by the primary variables

switch process, we distinguish three different cases:
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Liquid phase only : gas phase appears and switch to
Gas phase only : liquid phase appears and  switch to
If : liquid phase disappears and switch to
Both phases either or
If : gas phase disappears andswitch to

Table6 adequate primary variable choice

The (re) attachment and detachment mechanisms are added as dependent source/sink terms to
the two bacteria balance equatiorhe rock matrix is taken into account via the porosity and
permeability of the porous medium. Our code takes into account tieobging of the pores as

well. The porosity and the permeability values are updated during each Newton iteration.

We analyzed the injection of a mixtuoé and into an aquifemwith a lengthof 100 m

and a height of 80 m and situated at 1700 m below the ground level. The domain ofatady
3D radial sector of a cylinder near the injecting wé&he well radius is 0.85 nT.he clearporous
domain is assumed to be homogeneous wibhogty and absolute permeability

. The upper and lower sides are impermeable. Two lateral planes are not crossed

by any streamlines, therefore the normal flow velocity through them isTeeovertical axis is
theinjecting well. The injection rate of hydrogen is four times greater than that of G&s is
injected from below (in the left down corner), to avoid the effect of immediate lateral spreading
alongthe reservoir cover. An initial population of methanogédyacteria was uniformly present

in all medium. The initial concentratio@se and bacteria in 1 i The
reservoir is initially fully saturated with water, thus . The initial mole fractions

are zero except for water
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Porosty, 02
Permeability, 5.10%2m?
Diffusion coefficient of immobile bacteria, 10" m2.st
Entry capillary pressure, 10° Pa

6,761.16s
1,094.10
3,1881C¢°
Yield, 1,739.162
Boltzmann constant, 1,380649.10 J.k*
Temperature, T 310 K
Liquid velocity at which the biofilm was grown, 0,66.10° m.st
Maximal velocity, 3.10% m.s?
Critical bacterium concentration, 7.10
Detachment rate, (Stoodely model) 0.001 &

Table 7 Data used foimsulations.(Gion Strobel et al. 2020, Panfilov 2019, Kirk E. Nelson et al. 2010, Maria
Auset et al. 2005)

We used nonconforming ALUGRID mesh so that the size of the elements decreases as far as
they approach the injection well. The simulations were carried out using three diffiedsnin

order to check the convergence and stability: a coarser mesh with 6720 cells and 13866 points, a
medium mesh consisting of 9600 cells and 19602 points, and eventually the finest mesh with
28560 cells and 57838 points. The coarser mesh provided osults for gas and water flow

but was unable to capture the impact of-tlmgging on gas transport. The finest mesh has
captured this effect, but it caais a high CPU time. Unlike them, the medium mesh gave good

results in less time.

The celtcenered finite volume method was applied for spatial discretization. The coupled fully
implicit Euler scheme was used for time discretization. The resulted discretized system of
equations was linearized ltlge NewtonRaphson method with an adaptive time dtegt was

controlled through the number of iterations needed for the convergence of Newton's solver.
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Figurelll-8 Mesh mode

3.4.3. Case study I: scenario of HCO: storage without bioclogging

In the firsttest we consider that the bioclogging is ignored. The obtained results are shown in
Figures 9and10. We can observe a fast rise of the injected gas to the reservoir cover, with the
maximum velocity at the front of the vertical rise. Consequently, weesmect that the

detachment of bacteria is more intensive in the vertical direction.

Figurelll-9 Hydrogerfraction molar: after 10 days, 22 days, and 42 days of injection at the rate 0:5ség m
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Figurelll-10 Flowvelocity field near the injecting well: after 10 days, 22 days, and 42 daggofion at the rate
0.5 kg m?s?

3.4.4. Case study II: scenario of H/CO:2 storage with bioclogging

In the second test we performed, the medium porosity and permeability were variable and
dependent on the number of bacteria. As the type of bacteria, attached or detached, has no
importance for clogging, we ignorélde attachment process, for the sakeinfdicity, assuming
that the probability of attachment is very lawthe reservoirWe also ignored the decay of the
bacterial population. Indeed, the decay is mainly caused by various predators, like other

microorganisms or fungi, which is an unlikelyegx in a sparsely populated environment.

+ Evolution of the bacterial population:

Figures show the evolution of the immobile biomass distribution as a function of time. The
biomass concentration increases mainly near the wellbore relgi®ig hotsurprising as this is
the region with higher flow velocity wherthe detachment process is privileged. Rlgl2

illustrates the variation of detached bacteria along the radial direction.
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Figure ,,, 11 Evolution of the concentration of detached bacteria near the injecting well: after 10 days, 22 days,
and 42 days of injection at the rate 0.5 kg $84 The maximal value is 5.06 1Bacteria in 1 M, the minimum is
1.93 16.

Fig 12illustrates the variation of the number of detached bactetieimdial direction.

Figure ,,, 12 Distributionof detached bacteria along the horizontal direction from the injec{gyyat0, z = 20m,
t=42 days)

+ Evolution of porosity and permeability caused by bioclogging

The spatial variations of permeability and porosity are presentéidunesl3 and 4.

The reductionn the porosity and the permeability is more significant near the injection well.
Again, the more critical zone is close to the wellbore region. Overall, the numerical results show

a qualitatively a good agreement with experiment results publishéddy et al., 2007 and

Brovelli et al, 200%.
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The variation of porosity and permeability is very differenttie vertical and horizontal
directiors. The measured decrease due to bioclogging was more sevieew@rtical direction.
However, the minimum permeability is 0.058 Dtlire vertical directon, while in the horizontal

the minimum permeability is 0.059 D. The length of the zone where the permeability is reduced
is higher inthe vertical direction (about 50 m) than the horizontal direction (15 m). lthe
horizontal direction, prosity changés minimal with to 0.19695, while decreases in the vertical
direction to 0.1961 at a distance of 8 m from the injection well.

Figure 11l-13 Variation of the porosity in space in horizontal and vertiligctionfrom the point of injection, for
the same moment of time

Figurelll-14 VariationVariation of the absolute permeability in space in horizontal and vertical dirdéctiorthe
point of injection, forthe same moment of time
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+ Impact of bioclogging on gas propagation

The next step is to quantify the effects of bioclogging on the injected gas transpatt dingl
16 show the evolution of hydrogen mole fraction and gas saturation motfmontal and vertical
direction of the reservoir in the case with and without bioclogging.

Parameters used for the last simulations were adjusted in order to envision the following effects.

Parameter Value

Porosity, 0.3

Table8 Data used tinvestigate the effect of bioclogging on gas transport.

According to Fig. b - 16, when the medium permeability the vertical direction decreases, it
becomes more difficult for gas to lift up than to propagate horizon@ily.bioclogging hinders

the vertical rise of gas and leads to the preferred horizontal gas migration. Furthadwection
transport is becoming increasingly evident, which increases horizontal migities).bacteria
play the role of a regulator theanensure hydrogen propagation deep into the reservoir and to
reduce its vertical rise towards the cover. Wetbas imagine the technique of injecting bacteria
together with Hand CQ, to intensify this regulatorgffect

Figurelll-15 Hydrogemmole fraction inthe horizontal and vertical direction in the case of bioclogging and
without it (without bacteria), fot 6" day of injection
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Figurelll-16 Gassaturation irthehorizontal and vertical direction in the case of bioclogging and without it
(without bacteria), fothe 16" day of injection

+ Joint capillary -bacterial clogging

The classical expected impact of the capillary pressure is twofold: (i) it should destroy sharp
fronts of saturation and make them smoother, and (ii) it prevents gas from entering-a water
saturated medium if the medium is watest (the effect ofcapillary entry pressurg These

effects have been well observed in our simulations. At the same time, we revealed an additional
important joint impact of the capillary pressure and-ddagging on gas propagationWe
compared the results obtained for two caseghef initial average capillary pressure that

correspond to low and strong capillarity, respectively: MPa and MPa, where

is defined by (3.9). (We kept a small but reero caglary pressure in calculations to ensure

regularization of numerical schemes and avoid instability in the simulation).

Fig. 17 shows the spatial distribution of gas saturation for these two cases along the vertical and
horizontal axes respectively. The case of strong capillarity corresponds to the solid curves. As
seen, due to the joint impact of ltogging and capillarity, # gas propagation ithe vertical
direction is even more retarded, while it is enhancedehorizontal plan. This is caused by the

fact that the capillary counteraction to gas penetration increases in the regioftlobigiag, in

which the permeabilt is reduced and then the capillary pressure grows. Consequently, the
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barrier action of the long vertical plug formed by bacteria is amplified by the capillary
counteraction, which forces the injected gas to propagate horizontally.

(@)

(b)

Figurelll-17 Gassaturation irthevertical direction (a) and radial direction @high and low capillary pressure
(the solid and dotted curves, respectively), for three moments of time
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The shape of the gasturated zone for the same moment in time is shown in &idorlthree
cases: without bacteria, with bacterial clogging but with zero capillarity, and fetdgging in
the presence of capillarity. As it can be seen, the shape of the area occupied by the gas becomes

more and more uniform in all directions.

In order to quantitatively characterize the influence of the investigated effects on gas propagation,
we introduced @lanar speed of gas propagatiodefined as the square of the distance traveled

by the gas in timg divided by timd. If the gas flow were planeadial and stationary, then this
parameter would be constant, which explains the reason for its choice Glitii¢rates how

this parameter changes under the action ofclmgging and joint impact of biologging and

capillarity.

Figure ,,, 18 Shapef the gassaturated area in three cases: (1) withouddgging and B=0; (2) with bic
clogging and B=0; and (3) with bieclogging and with norzero R

Without bacteria  With bio-clogging  Joint capillarybacterial
andP=0 andP=0 clogging P.=10 MPa)

Vertical propagation
rate [nf/day]

Horizontal propagatiol
rate [nf/day]

Table9 Impact of bieclogging and capillarity of the planar rate of gas propagation
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It can be seen that both batogging and capillarity enhance the horizontal rate of propagation
and reduce the vertical rate, which ma#tes gas bubble regular and close to spherical.

+ Impact of capillary-bacterial clogging on reservoir pressure

Since the capillarity hampers gas to flow and reduces its saturation, this reduces the population
growth and activity. As the result, this reduces thedimgged region. Fig. 19 illustrates the
effect of permeability reduction caused by-blogging at lev and high capillary pressure. It is
clearly seen that the capillary pressure reduces the clogged region in both directions.

(@)

(b)

Figurelll-19 Permeabilityeductionin vertical direction (a) and radial direction @high and low capillary
pressure (the solid and dotted curves, respectively), for two moments of time
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If the volume occupied by gas reduces then the gas pressure must. This was observed in our

simulatians. Within the area of 30 m around the well and after the stabilization, the gas pressure
was about 20 MPa in the case without capillary pressure. For MPa, the reservoir pressure

increased up to 31 MPa ahead of the-gmtsirated zone and 32 MPa behind the front of gas

propagation.

In other words, the gas bubble becomes more regular, but smaller and more compressed, due to

the joint effect of capillanpacterial clogging.

+ Impact of biocloggingby biofilms on hydrogen conversion

Here we presenthe bioclogging problem taking account of microbial attachment and the model
of Gerald E. Speitel et al. 198@r biofilms detachmentWe evaluate the pore space reduction
due to the attachment of bacteria to the porEise permeability reductiois higher than that
presented in the last test due to microbial filtratibme reduction was severe near the wellbore
region.The results are in good agreement with experimental data pubbgt{édozie Ebigho

et al. 2010. The length of the zone whereetipermeability is reduced is higherthre vertical
distance (about 25 m) than in the radial (about 6After 15 days of injection,ni the radial
direction, permeabilitys reduced by 62%, while is reduced by 44% in the vertical direction.
Fig. 20 (c) shows that thriatio porosity/permeability grows over time which implies dagillary

pressure increases well and this accelerateiocloggirg.
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(@) (b)

(€) (d)

Figure 111-20 Variation of porosity and permeability in radial (a) and vertical (b) distance after 15 days and over
time (c), and measured attachment and detachment coefficients over time (d).
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() (b)

(© (d)

Figurelll-21 2D distribution of (afixed bacteria, (b) biomethane production within the reservoir and
(c-d) hydrogen and carbon dioxide concentration vs. methargrbéhction after 15 days

Figure 20 (d) showthe evolution of the measured attachment and detachment coefficients over
time. The attachment mechanism dominates which should amplify the concentration of biomass

attached to the pore wall and bioclogging as well.
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Figure 2 (a) shows thelistribution of fixed biomass within the reservoir after 15 days of
injection. As soon as the nutrients reach the entry zone, fixed bacteria start growing, in turn
producing biomethane. It is observed from figufie(2b) that biomass is more present and
reactive near tehe injection zone, which iaregion rich on nutrients Hand CQ. The results

are in good agreement wilrovelli et al. 200%ndSivasankar et al 201€tudies and reproduce
well the fixed biomass distribution observed in the experiments preseriieaigli et al. 2009
Figure 21 showalsoa comparison of the hydrogen, carbon dioxatel methane distribution in
thevertical and horizontal direction. Within only 15 days bacteriatdukeir activity was able
WR WUDQVIRUP | Rethah& BdR thel ame @aNd’l, in the underground reservoir
of Lobodice town (Czech Republic) and with a density &fcEll/m® bacteria has transformed
60% of the quantity we have obtain@eantisek Buzek et al. 199(i.e. Bioclogging enhance

methane pwduction)

It could be observed that the vertical spreading of hydrogen is faster than that of methane.
Compared to methane, hydrogen is eight times less dense than methane and the lower viscosity
of hydrogen induces higher mobility of hydrogen. This médlkesogen very diffusive compared

to other gasefigure 21 (c-d)).

The simulations of the microbial biomass concentration and their rate of attachment to the pore
walls in the cases with and without Bitogging are plotted in figure 22. Due to the high
concentration of bacteria captured in the clogged zone, bacterial activities in this regiopn grow
and asa consequence their production on biomass increases. Due to the reduction of the pores
volume bioclogging increases the flow velocity and capillary pressure (figure 23). As
consequence, this increases the probability that a bacterium collides with a pore surface. It is
found that the impact of bioclogging on the attachment mechanism is morednipuetr the

injection zone.

The influence of bioclogging on biomethanation efficiency is analyzedeitwih last results.

Due to bieclogging the conversion of MCO; into methane by bacteria is improved by two
orders of magnitude from 0.0014 to 0.0023%e fixed bacteria in the clogged zones work
synergisticallyto enhance their reactiigs and as consequences boost their production o
biomethane. Thus, bioclogging improves biomethane conversion efficiency by trapping more

bacteria, improving their gwth, and accelerating their activities.
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() (b)

(c) (d)
Figurelll-1 Influenceof bioclogging on (&b) attached biomass concentration andattachment mechanism in
radial (left) and vertical (right) directions
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() (b)

(© (d)

Figurelll-23 Impacibf bioclogging on flow velocity and capillary pressure
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(a) (b)

Figure l1I-24 zInfluence of bioclogging on biomethanation process

3.5.  CONCLUSION

Accumulation of a sufficient biomass plug pores and reduce their porosity and permeability,
OHDGLQJ-FORIIEIQR - ,Q W K LmMbddied DasdVdihulated Hhdogging in
underground HCO, storage. We have developed a mathematical modsibieg fluid flow,

bio reactive transport, microbial detachment/trapping, bacterial granthbio plugging. We

have investigated the impact afng-clogging onthe hydrodynamic properties dle reservoir.

We have found that biologging induces heterogeneity of the medium in the form of a region of
low permeability, which gradually increases as the bacterial population groeveiostlogged
regonwas located near the wellbore region. The measured decrease due to bioclogging was more
severe inthe vertical direction Thus, we have investigated the impact of biomass growth on
capillary pressure, we find thaagillary pressure increases wilhnigh density of biomas©ur
research has shown that while Hdgiongestion is inevitable, it is not so bad and may even be
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beneficial. Indeed, accumulating in places of high hydrogen saturation, that is, on the preferentia
paths of its migration, bacteria force hydrogen to change the way and move in different
directions. As a result, instead of a rapid vertical ascent, which is undesirable for us, hydrogen is
forced to move horizontally into the depth of the formatioratimg an almost ideal gas bubble.

We have shown that capillary forces enhance this effect so that the gas bubble tends to become
uniform in all directions. Due to the joint effect of ltogging and capillarity, thgas bubble
becomes more regular, but alher and more compresseéd.this casgbioclogging should boost

its effect as well. Furthermore, we found thathin only 15 days bacteria due their activity

are DEOH WR WUDQVIRUP | RI K\GURJHQ LQWR PHWKDQH ZKL
result obtained in the experiments realizethimLobodice reservoinVe havealsoshown that
bioclogging could improve biomethane conversion efficienlby trapping more bacteria,
improving their growth and accelerating their activities. We can conclude that controlled
bioclogging can help for efficient performance in underground natural gas reservardield

achieve the maximum efficiency of hydrogen conversion into biomethane.
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CONCLUSIONS

This thesis is devoted to anatythe behavior of the solutions of the system of equations that
describes transport phenomena in an underground storage of hydrogen created in an aquifer or
depleted gas reservoir. We know that the behavidrydfogen is very different from that of
natural gas due to the fact that hydrogen is actively used by bacteria inhabiting rocks, which
transform it into methane. Such a biotic reaction occurs in presence0fa@@h is always
dissolved in groundwater otan be injected together with hydrogen. Consequently, the
mathematical model of the process is a system of transport equations for several chemical species
(H2, CO2, CHi, H22 « GLVVROYHG LQ JDV DQG ZDWHU DQG DQ HTXDW
includes bacterial growth, probable decay, and movement. The kinetics of the methanation
reaction is determined by the metabolic process in the bacterial population, and, finally, is
strongly related to the kinetics of population growth.

After storing underground, hydrogen can be used in two main industrial ways.

First of all, it can be reconverted into electricity in fuel cells and used in vehicles, which requires
to have very pure hydrogen. However, the losses of hydrogen causeadrstith@ation reaction
makeit impossible to store in the pure state. This is why the practical objective of storing would
be to minimize biochemical reactions, which would facilitate the subsequent treatment on the
surface of the hydrogenous mixture extegcfrom the storage facility. Note that the main

principle in this caseis to minimizethe mixing of hydrogen with other gases.

Secondly, hydrogen can be used as a fuel for heating and lighting buildings. In this case, its
partial conversion to methammeans the enrichment of the fuel, since the energy potential of 1
m? of methane is higher than that of hydrogen. In this case, we should intensify the reaction of
methanation in the storage. Such a process of in situ methanation occurs at low temerature
much less expensive than the htgmperature methanation, and can represent industrial interest.
The main principlgin this caseis to maximizethe mixing of hydrogen with C@to convert all

hydrogen.
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However, the mixing in such a system is smsimple to control, as the evolution of the transport
phenomena in storage obeys its own physical laws, which do not take into account technological
expectations. The main problem that hampers us to regulate mixing are the phenomena of self
organizatiorthat occur in a diffusiomeaction system. They lead to the formatiompatterns +

stable spatial or temporapatial structures (mosaiques), some kind of fluctuations in space or in
time, or both in space and in time simultaneously, which are the s@utibthe transport
equations aP\ ’. The parameters of patterns are strictly determined by the physics of flow and
the kinetics of reactions. Fortunately, the gas injection rate and the composition of the injected
gas are also two parameters thatdamnge the geometry of patterpsoviding us the possibility

to control the process of their formation.

A pattern means the existence of zones with high concensatidrydrogen and other zones

with low concentratios Therefore, mixing becomes naniform in space and necomplete.
Patterns reduce the degree of mixing. This can be good for the first goal: to use hydrogen as
converted electricity. But this certainly not good for the second goal to transform hydrogen
into methane. Thus, the theocati problem of finding criteria of the pattern existence obtains

clear practical sense.

In this thesis, we distinguish three types of patterns:
(i) stationary patterns caused by thecaled 7 XULQJTV LQVWDELOLW\
(i) uniform in space but periodically oscillating in time, related to the phenomenon of the
Hopf-Andronov bifurcation and the occurrence of a limit cycle;
(i) andwavy patternsperiodically oscillating in space and in time simultaneously and
related both to Tu®Q J TV D QAhdroRdy instability.
We have analed the general conditions of the occurrence of all three types of patterns in
homogeneous media. In particular, we have shown that a new pattern exists in the case of only
two diffusionreaction equationsyhich is nonstationary and behaveguasping waves
After this we have extended our analysis to heterogeneous media, which were analysed in terms
of the macroscopic double porosity model. We have shown, in first, that the double porosity
displaces the rieria of pattern formation. We have shown that for stationary patterns, the

concentration in fractures and in blocks are identical, which corresponds to classical behaviour
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of the solutions of the double porosity equations. Secondly, we have reveatdstbace of
patterns, in which the concentrations in fractures and blocks are distinct. They undergo spatial
and temporal oscillations, which have distinct amplitude, frequemzyphase. This is possible

only for wavy patterns, nestationary. This wasonfirmed by our numerical tests.

In the last part of the thesis, we arzalgl the same transport equations in the case when bacteria
induce a medium heterogeneity, by clogging some pores and reducing the permeability, porosity
and capillary pressure tyeeen gas and water. For this purpose, we have developed the
conceptual model of particle attachment and detachment to pore walls. Several mechanisms of
attachment are considered. Experimental data for some phenomenological coefficients were
found in the iterature. This model has been implemented into a numerical simulator {uMu

The subsequent analysis was based on this conceptual model and was performed numerically.
We analyed the injection of hydrogen in an aquifertiteedimensional domain. We have
shown thatbio-clogging reduces locally the permeability, and, in addition, induces some
anisotropy because the decrease in permeability was higher in the direction of bacteria
propagation (in vertical direction). Due to this, the rise of gas to the cover was retarded and even
stopped. So that the injected gas had to flow in horizontal direction non clogged by bacteria.
Consequently, the propagation of gas becomes more regtiah is favorable to the creation

of a gas storage. The induced heterogeneity forces the gas to change the path and to move in
other directions. Capillary forces, which increase in clogged areas, enhance this effect, so that
the gas tends to propagatefaninly in all directions. Due to the joint effect of bobogging and
increased capillarity, thgas migration becomes more regul&ie found that bacteria are able to
transform 2% of hydrogen into methane in course of 15 days, which is three timethéastae

result obtained in the experiments realized in Lobodice reservoir. Thus, we conclude-that bio

clogging increases bimethanation efficiency.
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PERSPECTIVES

The work presented in this manuscriptealsperspectives for an idepth analysis of some of

certain scientific questions.

x The challenge of studying the possible occurrence of other complex patierns
underground gas storages standingvaves,spiral wavestwinkling patternsand if so,

proving there existence in real gas reservoirs

x Including other bacterigbehaviorsthat can affect microbial activities such as bacterial
swimming motility, chemotaxis, cell death by necrosis, autophagic cell death and
apoptosis or programmed cedigicide.

X Another problem, is taniclude theimpact of biocorrosion process on microbial activities

and gas conversion.
x Geological model of realgas reservoihasto be considered and implemented in our

code.lt would be interesting to perform tests on moreisgalcases to test the robustness
of the numerical code
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ANNEXE A

Formation de patterns bio -réactifs dans un stockage
VRXWHUUDLQ GH OYK\GURJgQH LPSDFW
naturelle et induite

CHAPITRE | : Introduction au Stockage souterrain de ydrogene et

patterns

Les émissions élevées de dioxyde de carbone et d'autres gaz a effet de serre (protoxyde d'azote
N20, hydrofluorocarbures HFC...) dans I'atmosphére ont fortement contribué au réchauffement
climatique. La derniére conférence des Nations unies sur le chantgelimeatique a Paris

&23 VIHVW IL[p XQ GplL XUJHQW GH UpGXLUH OHV pPLVVLF
PRLWLp GTLFL HW j ]JpUR G LFL &RQIRUPpPHQW j O REM
climatique d'ici 2050, les secteurs édgfWLTXHV VH WRXUQHQW GH SOXV HQ S
énergies é€lectriques renouvelables. Toutefois, les ressources renouvelables sont de nature
fluctuante et difficilement prévisible. Leur capacité de production provoque des surplus qui
devraient &g stockés pour éviter de les perdre. Le déploiement croissant des éoliens et des
FHOOXOHV SKRWRYROWDWTXHV VXU OD VXUIDFH GX VRO HPF
produite excessivement, ce qui demande de grandes capacités de stockageelséonote
OfpOHFWULFLWpPp H[FHVVLYH HQ JD] K\GURJgQH HW VRQ VWR
ou des strates géologiques poreux est la meilleure solution pour stocker de grandes quantités
GYpQHUJLH
La conversion de I|'électricité renouvelakle hydrogene (Powetto Gaz) se fait, en effet, en
séparant les molécules d'eau a l'aide d'électricité (électrolyse). Cet hydrogéne, produit par la
WHFKQLTXH GH OfpOHFWURO\VH GpSRXUYXH GH WRXWH pPLV
». Le praessus est réversible : la reconversion gerHélectricité (Powetto Gaz +to Power)
se passe dans une pile a combustible, dans laquelle les électronsedsdgarent des protons

qui passent a travers une membrane imperméable pour les électrons, et les électrons libres
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forment un courant électrique capable de produire un travail utile. Ces deux conversions ne
produisent pratiguement pas de gaz a effet de.se

La reconversion de HHQ pOHFWULFLWp QYHVW SDV XQH VHXOH SRVVI
€également étre converti en méthane en le faisant réagir avee,lée@@ocessus connu sous le

nom deméthanationOn distingue deux types de ce procesksasnéthanation chimiquse passe

i KDXWH WHPSpUDWXUH § f& HW HQ SUpVHQFH G XQ FDWD
bio-méthanatiorest effectuée par des bactéries méthanogénes qui utilisentG@ pour leur

métabolisme et produisent du @& de I'eau. Elle se passe a basse température (35°C) et pression

(90 bar) et colte beaucoup moins cher que la méthanation chimique -irgééth@nation peut

étre réalisée dans les strates géologiques s{tu biomethanation ou les conditions
thermodynamiqges sont favorables. Le concept de la biométhanation in situ a été introduit en
premier dangPanfilov 2010, Panfiloet al. 2016.

La biométhanation in situ était observée dans le stockage du gaz de ville a Lobodice, situé dans
le bassin de la vallée de Hornomoravsky, en République Tchéque. Outre la variation de la
composition du gaz stocké dans le temps, qui était en accord agactlam de bianéthanation,

on observait le phénomeéne de formation des zones spatiales sursaturées en hydrogéne, et autres
zones sursaturées en méthane. Ces structures représenpattedasqui sont typiques pour des
systemes de réactiatiffusion et ®nt souvent observées dans les processus accompagnés par

une activité de microorganismes.

La premiére analyse mathématique daernshiologiquesa étéréaliséepar le mathématicien

et informaticien britannique A. M. Turing. En 1952, A. M. Turing a pubbn article intitulé :

"The chemical bases of morphogeniesians lequel il démontrait que la compétition entre la
réaction et la diffusion peut générer des solutions oscillatoires complexes, une distribution
spatiale périodique de ncentration de la morphogenése qui rompt la symétrie du systeme. A
I'époque, cette idée a suscité peu d'intérét car elle reposait sur un paradoxe apparent puisque la
diffusion devrait effacer les fluctuations et homogénéiser le systéme. Aujourd'histdl des

preuves qualitatives de la capacité des modeéles de Turing a imiteiofgatosation biologique

(V. K. Vanag 2004, Baba Issa Camara et al. 2009

Les patternssemblent présenter un intérét particulier non seulement en bioftigieet, spots,

or reversed spots in twdimensional Turing systems, H. Shoji et al 2008t en chimie
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pure/appliquéechlorine dioxideiodine-malonic acid reactiodiffusion system, D. Feldman et

al. 2012; BelousovZhabotinsky reaction in liquid marbles, C. Fullar&iral. 2019, mais aussi

en géomorphologieP@ttern formation in the geosciences, Lucas Goehring)2@84écologie
(Dispersalinduced destabilization of metapopulations and oscillatory Turing patterns in
ecological networks, S. Hata et al. 2)ldansla sociologiecommedespreédicteursdes points
chauds de la criminalitéOfspersalinduced destabilization of metapopulations and oscillatory
Turing patterns in ecological networks, S. Hata et al. pefiméme un mécanisme de réaction
diffusion a été suggér& R X U O T ik &des Gathxies spirales en astrophysique.

L'étude des modéles biochimiques dans les systemes de réhitision a suscité un intérét
considérable dans un large domaine d'applications, mais elle est encore moins étudiée dans les

processus de stockage des gaz souterrains.
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CHAPTER Il: MODELISATION DU TRANSPORT BIPHAS IQUE BIO-
REACTIF DANS UN STOCKAGE SOUTERRAIN DE L'HYDROGENE

LIDQDO\WH TXH QRXV DYRQV HIITHFW X p Hé& Hdds OntsiociaygeR FHV V X
souterrain de HGpPRQWUH OTDSSDULWLRQ GH SOXVLHXUV W\SHV G
pattern stable en espace et stationnaire dans le temps, un pattern uniforme en espace, mais
RVFLOODQW SpULRGLTXHPHQW HW VDQV FHYV V¢t ebdags\e OH WHP
temps simultanément. L'existence de telles structures signifie une hétérogénéité spatiale de
OTK\GURJgQH HW GX PpWKDQH FH TXL VLJQLILH TXH OD PpW
YROXPH HQWLHU GX VWRFND Jeu séthang Raoid ld Eaelsibh\hVsetaH S UR
SDV FRPSOqWH 6L O1R EMéldenvertir ehsMe €3 idlebtii¢ité Hed Hatterns sont

un phénomene plutét positif si on peut augmenter la taille des zones occupégs par H

$LQVL OHV RHYWHYHY GHFHDWWHUQV HVW XQ SUREOQPH LP:

uniquement purement théorique.

3RXU FRQYHUWLU WRXW O 1K\ Gi1ODJdpdshh ¢dQpdsipiov KuDyelhje@éH UDS S|
GHYUDLW FRUUHVSRQGUH DX][ Be&RI& tddcidnHI€ MEthavaoh FBOLE Pp W U L
rapport devrait étre maintenu uniformément dans tout le réservoir. Ce serait le meilleur scénario,

TXL JDUDQWLUDLW XQH KDXWH TXDOLWp GX JD] SURGXLW
I'efficacité du processusdnéthanation. Afin d'éviter leur apparition, nous avons effectué une

analyse mathématique et numérique qui nous a permis de détecter les critéres de leur apparition.

8Q GHV SUREOQqPHV OHV SOXV LQWpUHVVDQWYV GtergsV OD WK
spatiotemporels, qui représentent des fluctuations périodiques dans le temps et des mosaiques
périodiques en espace simultanément. Notre recherche était focalisée essentiellement sur ce

probléeme.

/H SRLQW FHQWUDO GH OD WW o&/H ® WMDOplW\p B R DPVMDIRLWbpj X PRS0
Nous avons analysé un milieu de double porosité décrit par un modele macroscopique dans lequel

OHV IUDFWXUHY HW OHV EORFV VRQW GHX[ FRQWLQXXPV FRH
etdesbactéri¢ /HV pFKDQJHV pWDLHQW GpFULWY SDU OH PRGQOH C
(the exchangerate MRXH OH U{OH G{XQ SDUDPgWUH UHVSRQVDEOH S
PLOLHX HVW KRPRJgQH FH SDUDPgQWUH \t§ 8uQrdieu@st desTLQWHU I
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mosaiques causeées par les phénomenes de rédiftison est non triviale et peu étudiée dans

la littérature. Nous avons trouvé un effet suivant.

Dans un systeme de double porosité classique, juste la diffusion sans réactions, son
FRPSRUWHPHQW DSUqV XQH SHUWXUEDWLRQ LQLWLDOH HVW
concentrations dans les fractures et les blocs tendent vers une seule valeur limite. Si on rajoute

une bioeréaction, alors il existe plusieurs possibilités. UTRHIOOHY HVW OD FUpDWLRQ
identiqueou les deux concentrations ; le systeme tend donc vers un systeme homogéne, comme

dans le cas classique. En méme temps, il existe une autre solution qui ne tends plus vers un
systeme homogeéne. Les concentraidians les fractures et les blocks forment deux patterns
GLIIpUHQWY 1RXV DYRQV WURXYp OHV FULWQUHV H[DFWV GTI

/H PLOLHX GH GRXEOH SRURVLWp j OfpFKHOOH QRQ PDFURVF
DYRQV PROQDWUMWDHQSGIDXWUHY SDWWHUQV TXL QH SHXYHQW
macroscopique : ce sont des flaches de concentrafibnapparaissent et disparaissent

instantanément en courant a travers tout le domaine de facon tres chaiaiing flashes

X X X

(a) (b) (c)
Fig. A.1. Représentation spatiemporelle des Patterns de Hejaidronov (a), Turing (b) et Hopf Turing (dans

un probléme de réaction diffusion (milieu homogéne)
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(a) E

FigureA.2 Synchronouga) Turing patterrand (b)Jumping waves pattern in the Abomogenized double porous
medium

FigureA.3 Asynchronous patterril) traveling flashes / Turingnd (b)uring in the fractures and stable regime in
the nonhomogenized double porous medium

CHAPITRE Il | : ANALYSE NUMERIQUE DU MODELE DE TRANSPORT
DE GAZ AVEC BIOREACTIONS ET BIOCLOGGING DES PORES

Dansce dernierFKDSLWUH QRXV DYRQV DQDO\Vp OfLPSDFW GTXQH
GHV EDFWpULHYV VXU OH WUDQVSRVURX®H WYHKLQ UaEESH B DaIMH
hétérogénéité peut étre créée par la croissance de la population microffebAl W, W DFKHPHQW G
microbes aux paroi des pores, le colmatage des pores, et la réduction de la porosité et perméabilité

du milieu. Cela se passent uniquement dans des zones peuplées par les bactéries, et dans les

directions de leur propagation, ce qui prove@ussi une anisotropie induite.
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Dans ce contexte, nous avons développé un modele conceptuel de bio colmaé@erit la
dynamique des bactéries couplée ou transport hydrodynamique des constituant chimiques
participants danke stockage

1. Governing equations for insitu underground biomethanation processes with bi@logging

Les hypotheses retenues dans la présente étude sont les suivantes : (a) Le réservoir est homogéne.
(a) Les mécanismes de transport sont I'advection, la diffusionyetvae

Introduionsl'ensemble des notations suivantes :

- porosig du réservoir
- porosité du réservoir propre sans bactéries
- phase diquide, gaz
- composargchimique(H2, CO;, CHs, H20)
et - fractions volumigues des microorganismes mobiles et fixes (biofilm)
QRPEUH GH FHOOXOHV PLFURELH®QGHNR@QXFPH GBILYRIYHY
SDUDPgQWUH HPSLULTXH

- fraction molaire du composakidans lgphase.

X X X X X X

- saturation de phase
- vitesse moyenndans lgphase.

X X X X

- vecteur gravité

x

- permeabilié absolue

- SHUP HEES2IvO propre sans bactéries
- permeabilityrelative de lgphase.

- pression de lahase.

- pressiorcapillare

X X X X X

- densié molare de laphase.

x

- densit massiqueale laphase.

x

- viscosit dynamgue ¢ laphase.

- diffusion desbactries

x

X - diffusion moléculare du component ldans laphase.
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X , - taux de croissance et déces des bact&iesU XQLWp GTXQH EDFWpULH
X - tauxdeproductionet de consommation du composknt

X - temps caractéristique de @&c

X - temps caractéristique de croissance

X  -taux d'attachement par udidebactérie

- taux ce déachement par urdde
- diametre des pores
- diamétre moyen de bactérie

X
X
X
X - efficacité de l'attachement

X - probabilité d'attachement aprés une collision
X

X

X

X

- constang deBoltzmann

T ttemperature

-FRHIILFLHQW VW-*BMoBaRtkWULTXH GX F
Y - rapport entre la croissance de la biomasse et la consommation de nutriments.

Equations de conservation pour le transport bactérien
Les équations de conservation des bactéries fixes et immobiles contiennent la croissance des
populations mobiles et fixes (I et V respectivement), la décroissance de la population (Il et VI),

I'attachement des bactéries aux parois des pores (lll) edlehéétent des bactéries (IV).

Eq.A.1

Eq.A.2

Equation de conservation pour le transport des composants dans un écoulement diphasique

Pour le transport de quatre composants chimique®,(H,, CHs, COy) dans un écoulement a

deux phases (gaz et eau), I'équation de conservation peut étre écrite comme suit :
Eq.A.3

VII correspond au taux de production oucd@msommatiomlu composant k.
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L'équation du bilan dgquantité de mouvement est réduite a la loi de Darcy pour deux phases :

Eq.A.4

Le modele empirique le plus utilisé pour le caldes perméabilités relatives est celaiBrooks
Corey (1964) :

, Eq.A5

La perméabilité relative apparajtandl’écoulement d'une phaskevientperturbé par l'autre
phase du fait que I'espacales poresu la phase fluide peut s'écouler est partiellement ou

totalement occupé par l'autre phase.

L'expression de tient compte de la variation de la pression capillpaeeffet decolmatage

des pores

Eq.A.6

ou sont des parameétres empiriques est la tension superficielle a

l'interface gazay est I'angle de contact pour le systemegmzsolide § f

L'échange de masse entre les phases est tres rapide par rapport aux autres processus
biochimiques, donc la composition des deux phases sapposée étre en eéquilibre
thermodynamique. Cette hypothese est largement utilisée dans les processus géochimiques et les
simulations pétrolieresB{rger Hagemann 20)7La condition d'équilibre thermodynamique

entre les deux phases peut étre exprimééqualité des fugacités :
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Eq.A.7

croissance et la décroissance

La croissance et la décroissance microbienne sont deux processus fondamentaux dans la
modélisation du transport microbien dans les milieux poreux. Pobatdéries méthanogenes

que nous étudions dans ce travail, la croissance de la population dépend directement de la
consommation du carbone contenu dans le ¢@zote, le phosphore, le soufre et d'autres
éléments sont également consommeés, mais en quantités beaucoup plus faibles). De plus, les
bactéries consomment dw Hour leur respiration, qui est un processus d'oxgdiiction qui

apporte de I'énergie auattéries.

Par conséquent, le taux de nutrition peut étre considéré proportionnel aux concentrations de CO
et H dans le fluide environnant (Panfilov, 2019). Si I'on tient compte du fait que le taux de
croissance se calme avec I'abondance deeCde H, on obtient la loi de Monod multiplicative
(Monod 1949, Taylor et Jaffe 1990

Eq.A.8

En parallele a sa croissance, une population bactérienne peut se dégrader, ce qui est
principalement causé par desicro-organismegprédateurs. La décroissance dépend de la
concentration de prédateurs, qui, a son tour, augmente en raison de la présence de proies. Par
conséquent, le taux de déces est une fonction de la concentration de bactéries méthanogéenes
(Panfilov,2019.

Eq.A9

Fixation des bactéries aux parois des pores

Des revuessur I'adhésion microbienne aux parois des pores sont donnés danshly D.
Scheibe et al. 2006, Nathalie Tufenkji et al. 2006, lan L. Molnal: 2015. Il a été constaté que

le principal facteur affectant I'adhésion des bactéries a une surface solide est la vitesse
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d'écoulement du fluide environnant, dont I'augmentation peut rompre le lien entre les bactéries

et la surface.

Pour construirée modele du processus d'adhésion des bactéries aux parois des pores, hous avons
fait recours da théorie classique de la filtration des colloidesr(ningham et al., 1991 ; Tufenkji

et al., 2005 ; Mitchell et al., 2010 ; Sukumar Roy et al., p0JBe bactée adhere en deux étapes

: d'abord, elle entre en collision ou touche la paroi soligegs labactérie sécrete un liquide
collantlui permettant de se fixer a la surface du pheecollision avec la paroi serait impossible

si les bactéries, transportées par le liquide, se déplacaient strictement le long d'une ligne de

courant, puisque les lignes de courant ne touchent pas les parois.

Mais trois mécanismes différents font dévies bactéries de la ligne de courant et rendent les
collisions possibles :

(1) les fluctuations chaotiques dans le mouvement des bactéries, similaires a la marche

brownienne,

(2) l'interception géométrique de la cellule : si la ligne de courant, le Btapdelle la bactérie
se déplace, passe trés prés de la paroi, alors la bactérie peut entrer en collision avec la paroi ;

(3) Gnferception inertielle : selon l'effet centrifuge, lorsque la particule est plus lourde que le
liquide, la force d'inertie eehdance a I'écarter de la ligne de courant incurvée et la force a se
déplacer le long d'une ligne droite, B Miller et al., 2017, R. M. Wheatley et al., 20.18

Par conséquent, le taux d'attachement [1/s] peut étre décrit par les relations suivastds tiré
(Nathalie Tufenkji et al. 2008

Eq.A.10

Le terme d'interceptionG XH | O fpeQ HtceWwiédgHgé puisque la densité des bactéries
constituées a pres de 90% d'eau, est pratiquement identique a celle de I'eau.

Notons que les bactéries ne se fixent pas les unes aux autres, car elles disposent d'un mécanisme

physiologique (flagelles) qui les empéche d'entrer en collision les unesaadres.
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Détachement des bactéries de la surface des pores

Le détachement du biofilm de la surface solide pourrait étre déterminé par la relation entre la
force adhésive et la contrainte de cisaillement causée par I'écoulement tangefitieledu
environnant $toodley et al. 2001, Rittmann 198k, le coefficient de vitesse de détachement
microbien est une fonction exponentielle de I'ampleur de I'écoulement de la phase aqueuse,

comme indiqué paiStoodley et al.2002

Eq.A.11

Le modele contient trois parameétres empiriques, la vitesse critique de détachement (en dessous

de laquelle le détachement est impossible) la vitesse maximale a laquelle le taux de

détachement se stabilise et le taux de détachement maximali correspond a . La vitesse

critique dépend de la vitesse initiale de la fixation de la bactérie.

Un autre modéle sep@impirique a été proposé p&ittmann 198) basé sur les caractéristiques
physiques, la contrainte de cisaillement, la porosité du milieu et la surface spédifigiaed E.

Speitel et al. 1987ont proposé qu'en plus dearactéristiques physiques, I'effet biologique soit
également pris en compte pour le détachement du biofilm ; ceci par le biais du taux de croissance
bactérienne. Des expériences ont prouvé que des taux de croissance élevéslife'ast

biofilm & croisance rapide) rendent le biofilm beaucoup plus susceptible de se détacher par
rapport a un biofilm a croissance lentée(ald E. Speitel et al. 198@nt proposé le modele a

deux termes suivant pour le taux de détachement du biofilm :

Eq.A.12

Le premier terme gauchdient comptedes forceexternes exercés par I'écoulement sur la
surface du biofilm, tandis que le second terme prend en compte le détachement di a la croissance

du biofilm.
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Les paametres empiriques , et dépeneént du type denutriments. Dans Rittmann
1982 il a été obtenu expérimentalement : et , et dans(Gerald E.

Speitel et al. 1997l a été établi

Taux de biocontamination

Nous évaluons la réduction de I'espace des pores di®a& F X P Xdésbastériesaux pores.
Les variationgle perméabilité et de porosité dépendent de la fraction volumique des bactéries et

peuvent étre estimés en utilisant la fonction suivérte’. Jeong et a. 20)8

Eq.A.13

En utilisant la formule de Carmdfozeny (CarmanKozeny 193}, nous obtenons pour la
perméabilité :

Eq.A.14

&HWWH IRUPXOH GpWHUPLQH OD SHUPpPpDELOLWpPp UHODWLYH C
PRGLILpH HW O DXBIHUPHO BIURISWH G

2. 6LPXODWLRQV QXPpULTXHYV

Le modele mathématique présenté a été implémenté dans DuMuX. DuMuX est I'Abr. de Dune
pour les processus d'écoulement et de transport -fRiiase, Component, scale, Physics,...}
dans les milieux poreux. Il s'agit d'un outil de siatidn des processus d'écoulement et de
transport multphasqueet multi composant dans les milieux poreux, développé a I'Université de
Stuttgart {imo Koch et al. 2021 Basé sur DUNEQO 1 $ E Distitbtited and Unified Numerics
Environment, qui est usoftwarescientifiqueopen accesécrit en C++ pour la résolutiored
équations différentielles partielles (EDBUMuX comprend plusieurs modeles de complexité

multiple : de I'écoulement monophassotherme stationnaire aux processus d'écoulement
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complexe multiphasique non isotherme instable et avec des milieux poreux complexes

déformables

Nous avons utilisé un modéle d'écoulement multiphasique multi composant appelé 2pnc déja
implémenté dans DuMukt nous avons développétre prgre module couplé étendu que nous

avons appelé 2pnc2b qui incorpore le transporirégatif, OHV SURFHVVXV G{DWWDFk
détachemenet lebiocolmatage

Leséquations de conservation sont modélisées par des equatifizs G Y-HiffudidrHrReQction

qui sont des équations aux dérivées partieleetype parabolique. Les ndinéaritésdu probleme

viennent essentiellement des termes de réactidn &rme de colmatage inclus dans la fonction
porosité eperméabilité Pour ce typee problemga résolution numériquesposde plus souvent

sur une méthode entierementplicite qui consiste a résoudre le probléme global a chaque
itération en tempslLa discrétisation spatialeeposesur une approche volumesLQLV-3&HOO
FHQWHUHG ™ 2Q XWLOLVHAUGCHD totmEes ide QER@celfléd)ex FI80X U p
points. Le systéme non linéaire est résolu par la méthode N&@jaimson avec un pas de temps
adaptatif. Le test de convergence est effectué en compesarariables primairesdu probleme

pour la méme étape de calcul avant et ageeshaque itératiorSi une réduction résiduelle est
obtenue, la solution est écrite et I'étape d'itération suivante peut commencer. La simulation se
termine lorsque le temmke simulation final est atteint.

Les mécanismes de (ré)attachement et de détachement, la croissendéces|debactéries

sont ajoutés comme termes source/puits. Les valeurs de porosité et de perméabilité sont mises a

jour lors de chaque itération.

L'apparition et la disparition possibles d'une phase ont été contrdlées par le processus de

commutation des variables primairesus distinguons trois cas différents :

Le calcul a été effectué sur un PC Intel(R) Core(TMj6D0U CPU@ 2.80 GHz, 2901 MHz, 2
F°eXUV WKUHDGYV /HEstwidi3Hs V &&t8nipdEBimilation étakquivalenta

4 mois.
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Etat de laphase V"?‘”a*?'es commutation des variables
primaires

liguide uniquement : la phase gazeuse apparait et switch a
gazeuse uniguement : la phasdiquide apparait et switch a
soit ou If : la phase liquidélisparait switcha
Les deux phases existen o A o
If : la phase liquidelisparaitet switcha

TableAl- FRPPXWDWLRQ GHV YDULDEOHY DX[ FRXUV GHV SKpQRPQgQF

phases choix adéquat de la variable primaire

FigureA.4 maillageet domaine du reservoir

L'ensemble des variables primaires est, , , et

Le domaine est un secteur radial 3D d'un cylindre de 100 m de longueur et 80 m de hauteur,
représentant un aquifére situé a 1700 m sous le niveau du sol. L'axe vertical est le puits
d'injection. Le rayon du puits est de 0,85 m. La température de l'ageséreonstante

. Le domaine proprporeux est homogene avec une porosité et une
perméabilité absolue . Les faces supérieure et inférieure sont imperméabées.

taux d'injection de I'hydrogene est quatre fois supérieur a celui du l&yaz est injecté par le
bas (dans le coin inférieur gauche), pour éviter I'effet de propagation lanénadeliate le long

de la couverture du réservodne population initiale de bactéries méthanogenes habite dans le
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milieu global & des concentrations bactéries dang nr et . Le réservoir

est initialement entierement saturé d'eau. Les fractions molaires initiales sont nulles, sauf pour

l'eau

Evolution de la porosité et de la perméabilité causée par le bioclogging :

Les variations spatiales de la perméabilité et de la porosité sont présentégsiguresA.5-6.

La réduction est plus significative pres du puits d'injecti@nzone la plus critique est proche de

la région du puits de foragees résultats numérigsi@nontrent un bon accord qualitatif avec les
résultats expérimentaux publiés paia(n et al., 2007 et Brovelli et al, 200%a diminution
mesurée due au bioclogging est plus sévere dans la direction verticale. Cependant, la perméabilité
minimale est de 0,058 D dans la direction verticale, tandis que dans la direction horizontale la
perméabilité minimale est de 0,059 D. Ladoeur de la zone ou la perméabilité est réduite est
plus élevée dans la direction verticale (environ 50 m) que dans la direction horizontale (15 m).
Dans la direction horizontale, le changement de porosité est minimal avec 0.19695, alors qu'il
diminue das la direction verticale a 0.1961 a une distance de 8 m du puits d'injection.

FigureA.5 Variation de la porosité dans I'espace dans les directions horizontale et verticale a partir du point
d'injection, pour un méme instant.
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FigureA.6 Variation de la perméabilité absolue dans l'espace dans les directions horizontale et verticale a partir du
point d'injection, pour un instafike

Impact du bioclogging sur la propagation du gaz :

LITKpWpPpURIpQpLWp LQG XL WtesPoslif dabsHaNrprnshort bu yaR Eieft@tisiU { O H
on injecte un gaz dans un aquifére, ce gaz va vite remonter vers la sarfdfegpeW D OD QW VR XV IF
GIXQH PLQFHGHR WA MH@IKX OD VWUXFWXUH JpRORJLTXH &UpDW
gaz devienproblématique. Dans le cas avec des bactéries, étant le plus actives le long des lignes

de courant ascendantes du gaz, elles créent des bouchons sur les trajets verticaux, en forcant le
gaz de se propager horizontalement. Ainsi, la propagatienQlfj K §éne Bans un réservoir
GHYLHQW SOXV UpJXOLqUH HW FRXYUH WRXWH OfpSDLVVHXU

Les FiguiresA.7-8 montrent I'évolution de la fraction molaire d'hydrogéne et de la saturation en
gaz dans la direction horizontale et verticale du réservoir dans &/east sans bioclogging.
'fDSUqV OHV ®HUE lBLpéinddbiité du milieu dans la direction verticale diminue, il
devient plus difficile pour le gaz de remonter que de se propager horizontalement. Le bioclogging
entrave la remontée verticale gaz et conduit a privilégier la migration horizontale du gaz. De
plus, le transport par advection est de plus en plus évident, ce qui augmente la migration
horizontale. Ainsi, les bactéries jouent le réle d'un régulateur capable d'assurer la propagation d

I'hnydrogéne en profondeur dans le réservoir et de réduire sa remontée verticale vers la couverture.
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On peut donc imaginer la technique d'injection de bactéries conjointement aveetdiukCQ,

pour intensifier cet effet régulateur.

FigureA.7 Fraction molaire d’hydrogene dans la direction horizontale et verticale dans le cas du bioclogging et
sans celuci (sans bactériespu16™ MRXU GITLQMHFWLRQ

FigureA.8 Saturation en gaz dans la direction horizontale et verticale dans le bagldgging et sans cekhai
(sans bactéries), pour le¢I6jour d'injection.

Colmatage simultané capillairbactérien

L'impact classique attendu de la pression capillaire est double : (i) elle devrait détruire les fronts
de saturation aigus et les rendre plus lisses, et (ii) elle empéche le gaz de pénétrer dans un milieu
saturé en eau si celai est mouillé (effet de laression d'entrée capillaire). Ces effets ont été

bien observés dans nos simulations. En méme temps, nous avons révélé un autre impact conjoint
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important de la pression capillaire et du biocolmatage sur la propagation du gaz. Nous avons

comparé les résuats obtenus pour deux cas de la pression capillaire moyenne initiale qui

correspondent a une capillarité faible et forte, respectivement : MPa et MPa.

(@)

(b)
FigureA.9 Saturation en gaz dansdaection verticale (a) et dans la direction radiale (b) a une pression capillaire

élevée et faible (les courbes en trait plein et en pointillé, respectivement), pour trois moments de temps

Lafigure montrda distribution spatiale de la saturation en gaz pour ces deux cas, respectivement
le long des axes vertical et horizontal. Le cas de forte capillarité correspond aux courbes pleines.

Comme on peut le voir, en raison de l'impact conjoint decblmatageet de la capillarité, la
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propagation du gaz dans la direction verticale est encore plus retardée, alors qu'elle est renforcée
dans le plan horizontal. Ceci est d au fait que la caien capillaire a la pénétration du gaz
augmente dans la région de{ocolmatage, ou la perméabilité est réduite et ou la pression
capillaire augmente. Par conséquent, I'action de barriére du long bouchon vertical formé par les
bactéries est amplifiée par la cortretion capillaire, ce qui oblige le gaz injecté a se mepa

horizontalement. La forme de la zone saturée en gaz pour le méme instant est représentée sur la

La figure suivantgour trois cas : sans bactéries, avec colmatage bactérien mais avec capillarité
nulle, et pour un colmatage biologique en présence pidac#é. Comme on peut le voir, la

forme de la zone occupée par le gaz devient de plus en plus uniforme dans toutes les directions.
Afin de caractériser quantitativement l'influence des effets étudiés sur la propagation du gaz,
nous avons introduit unetgsse planaire de propagation du gaz, définie comme le carré de la
distance parcourue par le gaz au temps t, divisé par le temps t. Si I'écoulement du gaz-était plan
radial et stationnaire, alors ce parametre serait constant, ce qui explique la raearcheix.

Le tableau 6 illustre I'évolution de ce parametre sous l'action dcobitatage et de l'impact

conjoint du biecolmatage et de la capillarité.

FigureA.10 Forme de la zone saturée en gaz dans trois cas : (1) satledamgP:=0; (2)avec le bieclogging et
P.=0; et (3) avec biaclogginget avec une valeur non nutie P
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Impact du colmatage capillairbactérien sur la pression du réservoir :

Comme la capillarité empéche le gaz de circuler et réduit sa saturation, celéaréchigsance

et l'activité de la population. Par conséquent, cela réduit la région @ellnatage. La figure

illustre I'effet de la réduction de la perméabilité causée par ledhivatage a une pression
capillaire faible et élevée. On voit clairementeda pression capillaire réduit la région obstruée

dans les deux sens. Si le volume occupé par le gaz diminue, la pression du gaz doit diminuer.
Ceci a été observé dans nos simulations. Dans la zone de 30 m autour du puits et apres la
stabilisation, la pFssion du gaz était d'environ 20 MPa dans le cas sans pression capillaire. Pour
MPa, la pression du réservoir a augmenté jusqu'a 31 MPa en avant de la zone saturée en gaz et
32 MPa en arriere du front de propagation du gaz. En d'autres termes, la balteddgient plus
réguliere, mais plus petite et plus comprimée, en raison de l'effet conjoint du colmatage

capillairebactérien.

(@)

(b)
FigureA.11 Réduction de la perméabilité dans la direction verticale (a) et dans la direction radiale (b) & une
pression capillaire élevée et faible (les courbes en trait plein et en pointillé, respectivement), pour deux moments
de temps
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Impact du bioclogging par les biofilms sur la conversion de I'hydrogeéne :

Ici, nous présentons le probleme du bioclogging en tenant compte de I'attachement microbien et
du modele de Gerald E. Speitel et al. 1987 pour le détachement des biofilms. Nous évaluons la

réduction de I'espace poreux due a I'attachement des bactérpsesix

La réduction de la perméabilité est plus €levée que celle présentée dans le dernier test en raison
de la filtration microbienne. La réduction est sévere pres de la région du puits de forage. Les
résultats sont en bon accord avec les données mqréeles publiées patifozie Ebigho et al.

2010. La longueur de la zone ou la perméabilité est réduite est plus élevée dans la distance
verticale (environ 25 m) que dans la distance radiale (environ 6 m). Aprés 15 jours d'injection,
dans la direction radle, la perméabilité est réduite de 62%, tandis qu'elle est réduite de 44%
dans la direction verticale. La kigemontre que le rapport porosité/perméabilité augmente avec

le temps, ce qui implique que la pression capillaire augmente également et caecélelee le

bioclogging en conséquence.

La figure A.12 (d) montre I'évolution des coefficients d'attachement et de détachement mesurés
au cours du temps. Le mécanisme d'attachement domine, ce qui devrait amplifier la concentration
de biomasse attachééadparoi des pores et le bioclogging également. La figure A .13 (a) montre

la distribution de la biomasse fixée dans le réservoir aprés 15 jours d'injection. Il est observé sur
la figure A.13 (ab) que la biomasse est plus présente et réactive prégaeela'injection, qui

est une région riche en nutrimentsdt CQ. Les résultats sont en bon accord avec les études de
Brovelli et al. 2009 et Sivasankar et al 2019 et reproduisent bien la distribution de biomasse fixe
observée dans lesxpériences présentées dans Brovelli et al. 2009. La figut® Aontre
également une comparaison de la distribution de I'nydrogene, du dioxyde de carbone et du
méthane dans la direction verticale et horizontale. En seulement 15 jours, les bactéges, gra
OHXU DFWLYLWp RQW pWp FDSDEOHVY GH WUDQVIRUPHU |
période, dans le réservoir souterrain de la ville de Lobodice (Républiqgue Tchéque) et avec une
densité de 10cellules/nt les bactéries ont transformé 60% agliantité que nous avons obtenue
(Frantisek Buzek et al. 1990) , cela montre que le Bioclogging augmente la production de

méthane.
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(@) (b)

(©) (d)

FigureA.12 Variation de la porosité et de la perméabilité en distance radiale (a) et verticale (b) aprés 15 jours et
dans le temps (c), et coefficients thahement et de détachement mesurés dans le temps (d).
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(a) (b)

(©) (d)

FigureA.13 Distribution 2D de (a) bactéries fixées, (b) production de biométhane au sein du réservdjr et (c
concentration d'hydrogéne et de dioxyde de carbone en fonction depieotiaction de méthane aprés 15 jours.

On a pu observeggalementjue la propagation verticale de I'hydrogéne est plus rapide que celle du
méthane. Comparé au méthane, I'hydrogéne est huit fois moins dense que le méthane et la faible viscosi
de I'nydrogene induit une grande mobilité de I'logdne. Cela rend I'hydrogene trés diffusif par rapport

aux autres gaz (figurg .13 (c-d)).
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(b) (b)

(c) (d)
FigureA.14 Influence du bioclogging sur{a) laconcentration de la biomasse fixée etlfde mécanisme de
fixation dans les directions radiale (gauche) et verticale (droite).
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(a) (b)

(€) (d)

FigureA.15 Impact du bioclogging sur la vitesse d'écoulement et la pression capillaire
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(@) (b)

FigureA.16 - Influence du bioclogging sur le processus de biométhanation

Les simulations de la concentration de la biomasse microbienne et de son taux de fixation aux parois de:
pores dans les cas avec et sanscbimatage sont représentées sur la figurg4. En raison de la forte
concentration de bactéries capturées daroite de colmatage, les activités bactériennes dans cette
région augmentent, et par conséquent leur production de biomasse augmente. En raison de la réductio
du volume des pores, le bioclogging augmente la vitesse d'écoulement et la pression cagiliare (f

A .15). En conséquence, cela augmente la probabilité qu'une bactérie entre en collision avec la surface
d'un pore. On constate que I'impact du bioclogging sur le mécanisme d'attachement est plus important «

proximité de la zone d'injection.

L'influence du bioclogging sur l'efficacité de la biométhanisation est analysée dans les deux derniers
résultats. Grace au bioclogging, la conversion €&, en méthane par les bactéries est améliorée de
deux ordres de grandeur, passant de 0,0014 a 0,0023at&sids fixées dans les zones colmatées
travaillent en synergie pour améliorer leurs réactivités et par conséquent augmenter leur production de
biométhane. Ainsi, le bioclogging améliore le rendement de conversion du biométhane en piégeant

davantage de lsgéries, en améliorant leur croissance et en accélérant leurs activités.
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CONCLUSIONS

Cette thése est consacrée a l'analyse du comportement des solutions du systeme d'équations qui
décrit les phénomeénes de transport dans un stockage souddrydimmgene créé dans un aquifere

ou un réservoir de gaz épuisé. Nous savons que le comportement de I'hydrogene est tres différent
de celui du gaz naturel en raison du fait que I'hydrogéne est activement utilisé par les bactéries
habitant les roches, qué transforment en méthane. Une telle réaction biotique se produit en
présence de CQOqui est dissous dans les eaux souterraines ou peut étre injecté en méme temps
que I'hydrogéne. Par conséquent, le modele mathématique du processus est un systéme
d'équatbns de transport pour plusieurs especes chimique€®, CHs, H20,...) dissoutes dans

le gaz et I'eau, etedynamiquedesbactéria, qui comprend la croissance,décegrobable et le
mouvement des bactéries. La cinétique de la réaction de méth@nisstidéterminée par le
processus métabolique de la population bactérienne et est fortement liée a la cinétique de

croissance de la population.

Apres avoir été stocké sous terre, I'nydrogéne peut étre utilisé de deux maniéres principales dans

l'indudrie.

Tout d'abord, il peut étre reconverti en électricité dans des piles a combustible et utilisé dans des
véhicules, ce qui nécessite de disposer d'un hydrogene tres pur. Or, les pertes d'hydrogéne dues
a la réaction de méthanisation rendent impossible stockage a I'état pur. C'est pourquoi
I'objectif pratiqgue du stockage serait de minimiser les réactions biochimiques, ce qui faciliterait

le traitement ultérieur en surface du mélange hydrogéné extrait de l'installation de stockage.
Notez que le prinpieobjet, dans ce cas, est de minimiser le mélange de I'hydrogene avec d'autres

gaz.

Deuxiemement, I'hydrogéne peut étre utilisé comme combustible pour le chauffage et I'éclairage
des batiments. Dans ce cas, sa conversion partielle en méthane signifibi$eement du
combustible, puisque le potentiel énergétique de 1 m3 de méthane est supérieur a celui de
I'nydrogéne. Dans ce cas, il faut intensifier la réaction de méthanisation dans le stockage. Un tel
procédé de méthanation in situ se déroule a llasg@érature, est beaucoup moins colteux que

la méthanation a haute température, et peut représenter un intérét indu§tReEviridiyl,

185



ANNEXE ANoura Eddaoui

dans ce cas, est de maximiser le mélange de I'hydrogene avec le CO2 pour convertir tout

I'nydrogene.

Cependantle mélange dans un tel systeme n'est pas si simple a contréler, car I'évolution des
phénomenes de transport dans le stockage obéit a des lois physiques propres, qui ne tiennent pas
compte des attentes technologiques. Le principal probléme qui nous endieéobguler le

mélange est le phénomene d'aotganisation qui se produit dans un systeme de diffusion

réaction. lls conduisent a la formation de motiftes structures stables spatiales ou temporo

spatiales (mosaiques), des sortes de fluctuations'dapade ou dans le temps, ou dans l'espace

HW GDQV OH WHPSV VLPXOWDQpPHQW TXL VRQW OHV VROXYV
parametres des modeéles sont strictement déterminés par la physique de I'écoulement et la
cinétique des réactions. Heusement, le taux d'injection de gaz et la composition du gaz injecté

sont également deux parametres qui peuvent modifier la géométrie des patrons, nous offrant la

possibilité de contrbler le processus de leur formation.

Un motif signifie I'existence de zesn a forte concentration d'hydrogéne et d'autres zones a faible
concentration. Par conséquent, le mélange devient non uniforme dans l'espace et non complet.
Les motifs réduisent le degré de mélange. Cela peut étre bon pour le premier objectif : utiliser
I'hydrogene comme électricité convertie. Mais ce n'est certainement pas bon pour le second
objectif, a savoir transformer I'hydrogene en méthane. Ainsi, le probleme théorique de trouver

des criteres d'existence des modeles prend un sens pratique évident.
Dans cette thése, nous distinguons trois types de modeles :
(i) les modéles stationnaires causés par l'instabilité dite de Turing ;

(ii) uniformes dans I'espace mais oscillant périodiqguement dans le temps, liés au phénomene de

la bifurcation de HopfAndronov et a I'apparition d'un cycle limite ;

(iii) et des motifs ondulés, oscillant périodiquement dans l'espace et dans le temiassimet

et liés a la fois a l'instabilité de Turing et de Hépfdronov.

Nous avons analysé les conditions générales de I'apparition de ces trois types de motifs dans des
milieux homogenes. En particulier, nous avons montré qu'un nouveau modele exddte aies
de seulement deux équations de diffugiéaction, qui est non stationnaire et se comporte

comme des vagues de saut.
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Ensuite, nous avons étendu notre analyse aux milieux hétérogénes, qui ont été analysés en termes
de modeéle macroscopique de dieuporosité. Nous avons montré, dans un premier temps, que

la double porosité déplace les critéres de formation des motifs. Nous avons montré que pour des
motifs stationnaires, la concentration dans les fractures et dans les blocs est identique, ce qui
comespond au comportement classique des solutions des équations de la double porosité.
Deuxiemement, nous avons réveélé l'existence de modeles, dans lesquels les concentrations dans
les fractures et les blocs sont distinctes. Elles subissent des oscikipi@tiades et temporelles,

qui ont une amplitude, une fréquence et une phase distinctes. Ceci n'est possible que pour les

motifs ondulés, non stationnaires. Ceci a été confirmé par nos tests numériques.

Dans la derniére partie de la thése, nous avongsgnkgs mémes équations de transport dans le

cas ou les bactéries induisent une hétérogénéité du milieu, en bouchant certains pores et en
réduisant la perméabilité, la porosité et la pression capillaire entre le gaz et I'eau. Pour cela, nous
avons développle modéle conceptuel d'attachement et de détachement des particules aux parois
des pores. Plusieurs mécanismes d'attachement sont considérés. Des données expérimentales
pour certains coefficients phénoménologiques ont été trouvées dans la littératoneddle a

été implémenté dans un simulateur numérique (DYMuanalyse subséquente était basée sur

ce modele conceptuel et a été réalisée numériguement. Nous avons analysé linjection
d'hydrogéne dans un aquifere dans un domaine tridimensionnel. Naus memtré que le
biocolmatage réduit localement la perméabilité, et, de plus, induit une certaine anisotropie car la
diminution de la perméabilité était plus importante dans la direction de propagation des bactéries
(dans le sens vertical). De ce fait,nntée du gaz vers la couverture a été retardée et méme
stoppée. Ainsi, le gaz injecté a di s'écouler dans la direction horizontale non obstruée par les
bactéries. Par conséquent, la propagation du gaz devient plus réguliére, ce qui est favorable a la
crédion d'un stockage de gaz. L'hétérogénéité induite oblige le gaz a changer de trajectoire et a
se déplacer dans d'autres directions. Les forces capillaires, qui augmentent dans les zones
colmatées, renforcent cet effet, de sorte que le gaz a tendanpeogager uniformément dans

toutes les directions. Grace a l'effet conjoint du-dmbnatage et de la capillarité accrue, la
migration du gaz devient plus réguliere. Nous avons constaté que les bactéries sont capables de

transformer 2% d'hydrogene en méthan 15 jours, ce qui est trois fois plus rapide que le
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résultat obtenu dans les expériences réalisées dans le réservoir de Lobodice. Ainsi, nous

concluons que le biologging augmente I'efficacité de la biwéthanation.

188



| Noura Eddaoui

189



Abstract:

In the era of energy transition and in connection with the international agreement on the transition
to a climateneutral economy by 2050, intensive research is being carried out around the world
on renewable energy sources. Due to the intermittent andediofable nature of their
functioning, the problem of storing excessively produced energy becomes a highly important
problem. We are currently talking about a large capacity for storing large amounts of electricity
coming from photovoltaic cells and windi. Since electricity is mutually converted to
hydrogen and vice versa, storing it in geological strata in the form of gas becomes the optimal
solution. The conversion of electricity into Hcan be done by electrolysis. The process is
reversible using fel cells, where hydrogen is converted into electrical current. We obtain the
chain: power to gas- to power. As a result, there are virtually no greenhouse gases, which can
lead to the decarbonization of the transport sector and emgemgive industas.

In this thesis, we analyze the storage of hydrogen in underground porous media, which can be

aquifers, or depleted gas reservoirs, esexages of natural gas.

The subject of this thesis is the hydrodynamic analysis of transport of injected gases in a storage
coupled with bacterial dynamics. As shown in previous studies, hydrogen is intensively
consumed by various types of bacteria, which transform it into metf@mexample. The cross

effects of bioreactions and transport determine the formation of complicated spatial structures
called patternsthat lead to a nonuniform distribution of hydrogen over the domain. Our main
attention was focused on the impact ofdmen heterogeneity on pattern formation. Two types

Rl KHWHURJHQHLW\ ZHUH DQDO\|JHG WKH GRXEOH SRURVLW\
model, and the heterogeneity induced by bacteria, growth of which creates the zones of reduced
permeability oreven completely clogged pores. The analysis is performegtncally usinghe

simulator DuMJ, open scientific software for flow in porous media, developed at the University

of Stuttgart and based on Dune developed by Heidelberg.

Keywords:
Patterns; Underground hydrogen; Storage; Population dynamicsiphase flow; Reactive

transport; Numerical simulatioQuMuX.
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