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Modeling of bacterium influence on methane
concentration in underground storage of hydrogen

The problem of underground hydrogen gas mixture storage is that unlike natural gas, hydrogen
gas mixture undergoes chemical changes in underground storage and thus the concentration of
hydrogen and carbon dioxide is reduced, and the concentration of methane increases. It has been
found that these changes occur because of the activity of methanogenic bacteria populations
inhabiting in a reservoir. This chemical activity, which caused by the bacterial activity, as well
as gas and water flow in the reservoir causes the phenomenon of self-organization such as the
occurrence of autowave spatial structures, the dynamics of which is characterized by a multiplicity
of different scenarios, including the occurrence of chaos and the jump from one scenario to another.
In this paper we developed a qualitative theory of self-organization scenarios in the underground
hydrogen storage depending on the external and internal parameters. Development of the theory
and computer models of transport in underground hydrogen storage will be based on the relating
of models of multiphase composite flows in porous media with model of dynamics of bacterial
populations which will be based on mechanism of chemotaxis (internal chemical mechanism by
which bacteria are able to detect the presence of nutrients in the distance and move in that
direction).

Key words: Porous media, Hydrogen, Bacteria, Neuston, Chemotaxis.Population dynamics,
Oscillations.

Toneyxanos A., [Tandunos M., Kanraes A.
MopaenupoBaHue Bo3/ieiicTBUsi 6akTepuii Ha KOHIIEHTPAIIUIO MeTaHa
[pU MOJ3€MHOM XPaHEHUU BOAOPOJA

[IpoGiema MOJ3eMHOTNO XpaHEHUsI Ta30BOH CMECH BOJIOPOJIa COCTOUT B TOM, YTO B OTJIMYHE OT
HIPUPOJIHOTO Ta3a, BOJOPO/IHAS I'a30Basi CMECh IIPETEPIEBACT XUMHUIECKUE M3MEHEHUsI B IIPOIIECCE
XpaHEHUsI, TEM CAMBIM KOHIIEHTPAIIUS BOJIOPOIA U YIVIEKUCJIOrO T'a3a IMOHUKAETCs, 8 KOHIICHTPAIIHS
MeTaHa pacTeT. B0 yCTAHOBJIEHO, 9TO 9T U3MEHEHUs MTPOUCXOJAT M3-38 AKTHUBHOCTHU IOITYJIsI-
IIUU METAHOTEHHBIX OaKTepuil, OOUTAIONNX B IJIACTE. DTa XUMUIECKasd aKTUBHOCTD, BbI3bIBaeMast
JesITeIbHOCTBIO OAKTEPHil, a TaKyKe TeUYeHUe ra3a U BOJIBI B IJIACTE BBI3bIBAET siBJIEHUE CaMOOpra-
HUBAIUN TAKOE, KAK IOSBJIEHIE aBTOBOJIHOBBIX IIPOCTPAHCTBEHHBIX CTPYKTYD, JUHAMUKA KOTOPBIX
XapaKTePU3YeTC st MHOYKECTBOM PA3JIMIHBIX CIIEHAPUEB, B TOM YHC/I€ BOSHUKHOBEHUE Xa0Ca U Iepe-
XOJT C OJTHOTO CIleHapus Ha apyroit. B mactosmeM pabore mpemaraercs pa3padoTaTh KadeCTBEH-
HYIO TEOPHUIO CIIEHAPHUEB CAMOOPIaHU3AIMK B IIOJ[3eMHBIX XPAHWINIIAX BOJIOPO/A B 3aBUCUMOCTH
OT BHEIIIHUX W BHYTPEHHUX HapamMeTpoB. Pa3paboTka Teopuu u KOMIIBIOTEPHBIX MOJIeJIel eperoca
B [IOJI3€MHOM XPAHUJININE BOIOPOa Oy/IeT CTPOUTHCs Ha 6a3e CBI3KU TEOPUU MHOIOMA3HBIX KOM-
MMO3UIMOHHBIX TEUYEHUN B MOPUCTHIX CPEIaxX ¢ MOJETBIO JMHAMUAKHA OIS OaKTepuil, KOTopast
Oy/ieT OCHOBaHA Ha MEXaHU3Me XeMOTAKCUCA (BHYTDEHHUI XUMUIECKUN MeXxaHu3M, GJarogaps Ko-
TOpoMy OakTepun 00JaJal0T CIOCOOHOCTHIO JETEKTUPOBATH HAJIMYNE THUTATETHLHBIX BEINEeCTB Ha
pacCTOdHUN U JABUTATHCA B 9TOM HaIIpaBﬂeHI/II/I).

Kurouessie cioBa: Ilopucras cpena, Bomopoj, 6akTepusi, HEICTOH, XeMOTAKCHC, JIMHAMUKA I10-
IYJISITIAN, OCIIUJLISITIUS.

Becrauk KasHY. Cepusi maTremaTuka, Mexanuka, nudopmaruka Ne2(82)2015



70 Toleukhanov A., Panfilov M., Kaltayev A.

Toseyxanos A., [Tanduios M., Kayraes A.
2KepacTbiHaa CcyTeriH cakTaraH Ke3Jle MeTaHHBIH,
KOHIIEHTPAIUsIChIHA GaKTepusIapAblH 9CEePiH MoAebaey

2KepacTbl cyrerin cakray TopTibi »KepacTbl TaOUFU ra3 »KoHe KOMIKDBIIIbLI Ia3blH CAKTayFa Ka-
paraHIa TYIKUNKTI e3rermeriri anbIKTaran, cebebi KoiiMaia CyTeri KOCIIaChIHbIH, XUMUSIBIK, O3~
repici baitkasran. OCbIHBIH 9CepiHeH CyTeri MeH KOMIPKBIIIKbBLT M'a3bIHbIH, KOHIIEHTPAIUSIChI a3aiiran
aJl MeTaHHBIH KOHIEHTpAIusachl ocken. OJI e3repic MmjIacTarbl CyTeri MPOTOHIAPBIH HEPIUsd KO3i
peTiHjie XKy TaTThiH OakTepusIapibiH ocepiner 60sral. COHBIMEH CyTEKTIH XKEePACThl KOMMAachl, 031
CaKTall TYPFaH ra3/blH KYPaMbIH ©3repPTill TYPAThIH TaOUFU XUMUSIIBIK, PEAKTOpP peTiHje 00J1a bl
ekeH. ['a3 KypaybIITapblHbIH OaKTepusijiap APKbLIBI CIHIPLIY1, ©3 Ke3eriHie OaKTepusiIapIblH TOITy-
JIATIASICHIHBIH, KAPKDBIH/IBI OCYiHe 2KOHe XMMUSJIBIK, OeJICEHIITIKKe aJIblll Kesreli. Bys bakrepusiiap-
JIBIH, KbI3METIHEH K9He IJIACTTArbl ra3 OeH CY/bIH arbIChl HOTHKECIH e Haiiia O0IraH XIMUSIIIBIK,
OesIceHTITIK O3iH 031 YHBIMIACTBIPYIbIH JIMHAMUKACHI dPTYPJIi ClIeHapUiIepMEH CUITATTAJIAThIH,
COHBIH, 1IIIHJIe XAaOCTHIH Maiijga 0oJiybl MeH OIp CIeHapUiijieH eKiHImIre Tyl aBTO TOJIKBIHIADIBIH
KEHICTIKTIK KYPBLIBIMBIHBIH, TIaii1a 60/Iybl 0016 Ta0bLaaabl. OChl KAPACTBIPBLIBIT OTHIPFAH KY-
MBICTa CYTEriH CaKTay/IbIH CHIPTKbBI »KOHE IIMKI ITapaMeTpJiepiHe Toyes i calaJjbl aBTOTOJIKBIHIbI
TEOPUSCHI MEH ©3iH 031 YIBIMIaCTHIPY/IbI KYPY/Ibl KapacThIpaMbi3. 2iep acTbl KOMaChIHIAFbI CYTEeK
TaCBIMAJIBIHBIH KOMITBIOTEPJIK »KOHE TEOPUSJIBIK MOJIEIEPIHIH, KYPBLIybl KEYeKTi OPTaIarbl KOTl-
dazasbl KOMITO3UINS arbICHIHBIH TEOPUSICHI Herizinae 60aa6l. By Moaeaep i, Heri3ri KUbIH IbI-
TBI OAKTEPUIIAP TOMYJISIASICHIHBIH JNHaAMIKA MOIeTiMeH OaitmanbIcTh! 601y bl Bizain omxiciMis 6yx
nporeccti xemoTrakeuc (IKi XUMUSUIBIK MEXaHU3M, COHBIH dcepiHeH GakTepusiiap KOPeKTeHeTiH
3aTTap/Ibl KAIIBIKTHIKTAH AHBIKTA/IbI KoHEe COJI OarbITTa KO3raja ajiajibl) MeXaHu3Mi KeMeriMeH
CHTIATTAaY HETi3iHje KypbLIFaH.

Tyitia cesmep: Keyek opra, cyreri, bakrepusi, HEHCTOH, XeMOTAKCUC, TTOIYJISIIS TUHAMAKACHI,
OCTTUJLITATINS.

Introduction

Increasing energy demand and anthropogenic greenhouse-gas emissions pose serious challe
nges for national and international energy economies. Low emissions and the increasing
efficiency of fuel cells make the case for the use of hydrogen (Hs) as the fuel of the future [1]-
[2]. At best, H2 is generated, e.g. through electrolysis, from renewable energy sources. In such
a scheme, storing Hy comes down to storing electricity. However, it may also be produced
from fossil fuels, making it easier to contain emissions at the power plants while distributing
clean energy in form of Hs, e.g. for transportation.

Today underground hydrogen storage (UHS) in aquifers and depleted gas reservoirs is
considered as one of the main ways of storing large amounts of energy|3|-[4]. During the last
decade it has been found that the behavior of UHS is radically different from the underground
storage of natural gas and carbon dioxide, primarily by the fact that in the storage occur
chemical changes of hydrogen mixture by present of bacteria in the formations, which absorbs
protons of hydrogen, as the energy source. There are several underground hydrogen storages
in the UK, USA, Russia, Germany, Czech Republic, Argentine and France. The unusual
behavior of hydrogen gas mixture in underground storage has been observed in Lobodice
storage of Czech Republic and Baynes of France. By analysis of the gas samples which were
taken from the reservoir, it was found that the composition of stored gas has undergone
significant changes.

The explanation for these changes lies in the chemical reaction between hydrogen and
carbon dioxide, which produce methane and water. In the reservoir conditions it can occur
only in the presence of methanogenic bacteria, populations of which have been detected in
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the derived rock samples|5|-[8]. Thus, the underground storage of hydrogen behaves like a
natural chemical reactor, which eventually significantly changes the composition of stored gas.
Absorption of the gas components by bacteria leads to intensive growth of the population
and increase chemical activity. This chemical activity, which caused by the bacterial activity,
as well as gas and water flow in the reservoir causes the phenomenon of self-organization
such as the occurrence of autowave spatial structures, the dynamics of which is characterized
by a multiplicity of different scenarios, including the occurrence of chaos and bifurcations —
the jump from one scenario to another. Thus, the new industrial technology - underground
storage of electricity in the form of hydrogen - leads to an entirely new scientific issues lying
at the intersection of several basic sciences: from hydrodynamics and nonlinear physics to
chemistry and microbiology.
The following chemical reaction between injected Hs and C'O, occurs in reservoir:

COQ+4H2 :CH4—|—2H20, or CO+3H2 :CH4—|—H20 (1)

In the present paper we continue to develop the qualitative theory of self-organization in
underground hydrogen storage, published first in [9]-[11], for more complicated processes that
include two-phase flow and the mechanism of chemotaxis, which is one of the main types of
bacterial movement. The analysis is based on the coupled model of two-phase compositional
flow and the model of population dynamics.

Complete Model of the Process. Model of population dynamics

Let us consider an aquifer which contains an initial population of bacteria, as well as
water and gas. Now, mixture of gas in injected where it represents the mixture of H, and
CO, with large domination of hydrogen. Consequently, methanogenic bacteria move to the
direction of gas-water contact scince feel nutriments contained in the mixture.

The two-phase system in porous medium represents a fine dispersed alternation of gas
bubbles or channels with water channels of droplets. At the macrsocale such a system is
considered as two interpenetrating continua coexisting at each space point. The water-gas
interfaces which are observed on the pore scale disappear in macroscopic description. At any
point two phases are identified by saturation of water S.

Both phases can consist of several chemical components:(1) = Hs, (2) = CO,,(3) =
H>0,(4) = CHy. The gas phase essentially consists of Hy and C'O,, while liquid consists
mainly of H,O with low concentration of COy,Hy and C'Hy (the injected gas contains low
concentration of COq, and hydrogen is low soluble in water). This determines the specific
situation when bacteria live in water but the major part of nutriments is concentrated in gas
phase.

We consider two kinds of bacteria:

- bacteria present in water: they can be plankton or biofilms attached to pore walls wetted
by water;

- the neuston: a biofilm situated just at the interface between water and gas.

Bacteria living in water consume dissolved H, and C'Os. Bacteria from neuston consume
Hy and CO, directly from the gas phase. On the macroscopic scale (Darcy’s scale) both
phases contain both kinds of bacteria which can be found at any spatial points. Despite the
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fact that C'O5 in highly soluble in water, it is low present in the injected gas, while hydrogen
is very low soluble in water. Therefore, we should consider the concentrations of both these
components in water are of the same order.

In gas we have an abundant resource of Hy and a sufficiently low resource of CO,. Then the
eating rate of bacteria in neuston is controlled only by the concentration of CO,. Bacterial
population can grow due to replication of species and can decay due to natural or forced
death. As usually, we assume that the population grow rate is proportional to the eating
rate.

Bacteria also can move. We distinguish three types of their motion:

- they can move chaotically similar to brownian motion (bacterial diffusion);

- they can move due to chemotaxis;

- bacteria living in water can be transported by water flow (single-phase bacterial advection);

- bacteria living in neuston can be transported simultaneously with the movement of the
water-gas interface (two-phase bacterial advection)

We assume that bacteria in neuston are not transported by chemotaxis but can diffuse.
We keep diffusion as it is the mechanism which stabilizes the mathematical properties of the
solution, which is considered in the paper [11].

The disappearance of gas-water interfaces in macroscopic equations imposes some difficulties
in describing the neuston which represents a pore-scale object. This means that the movement
of neuston in macroscopic equations can be obtained by homogenization of its pore-scale
motion.

Balance equations

Let ny(x,t) and nps(z,t) be the number of bacteria per unit volume of porous space in
water and in neuston respectively. Taking into account all assumptions formulated above, we
can formulate the following equations of population dynamics:

W = Nns(1 — S)q)nS(cz(JZ)a Nps) — (1 — S)\IjnS(Cg)anm)

—(Upsgradny,s) + div(Dy(1 — S)gradn,s) + qun;

(2)

8’52’5 = an(I)w(cg),cg),nw) — S\Ifw(cg),cg),nw) — Uygradn,,

+div(DySgradn,) — div(De,(CM)Sn,gradCM®) — q,; )

where subscripts w and ns refer to water and neuston respectively; S is the water saturation;
® and ¥ are the rate of eating and death of the overall population, their dimension is
mol /(s - m?); n is the rendering coefficient (the coefficient of proportionality between the
eating rate and growth rate), its dimension is 1/mol; g, is the rate of bacteria transition
from water to neuston; Dy is the coefficient of bacterium diffusion in bulk water; U, is the
velocity of movement of gas-liquid interface; U, is the water flow velocity; cgk) is the mole
fraction of chemical component k in phase i; C'®) is the total mole fraction of chemical
component k£ in both phases.

Term (U, sgradn,;) represent the advective movement of neuston homogenized over an
elementary representative volume of porous medium. As mentioned above, the neuston represents
a pore-scale object, so the velocity U, is a pore-scale variable.
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(%)

The relation between ¢;” and C'®) is as follows:

wcw 'S + Pg€ k)(l —5)

o) —
pr + pg(l - S)

(4)

where p; is the molar density of phase i (mol/m?).

Functions @, and ®,, have the meaning of the number of moles of nutriments consumed
by all bacteria during 1s in a volume unite. The ratios ®/n and ¥ /n are the individual rates
of eating and decay per one bacterium. The rendering coefficient n determines at what degree
the colony growth rate is different from the eating rate. In particular, if n < 1 then growing
is slower than eating.

In general case the individual eating rate ®/n depends on the size of the population and
on the amount of nutriment. These two effects considered in paper [11] in more detail is
provided below:

o - 1 Mnec? 1w D2

S T tens (14+an S0‘572)) W tew (40, /n3,,,) (1+awlc( ))(1+aw2(zg))7
U, = 2= W, = %= where t.,, and t.,, are characteristic time of eating at vanishing

lg lq
resource; tg is the time of decay; a,s, a,1, a2 are three additional empirical coefficients.

Reduced equation of population dynamics

Two equations (2),(3) with respect to n,s and n, may be reformulated with respect to
the total number of bacteria n = n,s(1 — 5) + n,,S and the ratio 6 = n,,S/n. Respectively
Nns(1 —S)/n=1—46. Equation for n has the following form:

On _ _MnsCy 2 (1—0)n nwci})cg?)e?sn o
ot te "S(1+anscg )) te w(S2+92 = )(1+awlc ))(1+aw2c<2)) ta

Nwn . 5
—l—(UnSgrad > + div(Dy(1 — S)gradm) — Uwgmd% (5)

—i—dw(DngTad 1) — div( Dy (CY)OngradC™)

It can be simplified.

First of all, it is possible to neglect the neuston advection in the first approximation.
Indeed, the flow of water and gas does not mean that the interface between them moves.
A movement of the interface means, on the maroscale, that the local saturation changes.
Therefore the term (U,sgrad...) is proportional to @ For slow variation of saturation in
time, this term can be neglected.

The second approximation takes into account the fact that concentrations of COy and Ho
in water are low. This means that terms awlcg ), aw20(2 and anscg) are low with respect to 0.

The third simplification consists of assummg that the value of n,,, which corresponds to
the state of satiety is high, then the value —2— — 0.

The fourth approximation can consist of assuming that the ratio 6 is close to water
saturation S. This means that the fraction of the number of bacteria in neuston is of the
same order as gas saturation, and the fraction of bacterial number in water is of the same
order as water saturation. Then we can use only one equation for n to describe population

dynamics. It takes the following form:
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(2) (1) (2) 2
on __ o Cg M Cw'Cw'n” _ n
ot o nns(l S) te,ns _l— an te,w td (6)

—Uygradn + div(Dygradn) — div(Dg,(CW)SngradC™)

where D,,(C1) = Dg’}lame’kchc(l) is the decreasing function, n is bacteria number.
Reactive transport of chemical components

For reactive multi-component transport, the main problem is the coupling between components
through the reactive term. Indeed the reaction kinetics depends on the concentrations of
several components, which makes necessary to consider large system of coupled transport
equations. For the case of an irreversible reaction, the situation is simplified because the
reaction kinetics depends only on reagents and does not depend on the reaction products.
Then it is sufficient to formulate the transport equations only for hydrogen and COs.

The reaction rate is totally controlled by bacteria and, thus, is equal to the rate of bacterial
eating ®,,5 + ®,,5(1 — 5). According to the formula of the chemical reaction (1), one mole
of consumed nutriment contains 1/5 of CO, and 4/5 of H,. As the result, the model of CO,
and H, transport has the following form: k£ = 1,2

k k . k) - (k k) - (k
qﬁ%(pgcg )(1 —-95)+ pwc&iS) + dw(pgcg )Vg( ) 4 pwcz(u)Vu(; )) =
LGimick)ing _ W (1=8)cFn gD ) sn? (7)

te,ns te,w

—i—dz’v(pgDék)gb(l — S)gmdcgg) + waSUk)nggmdcgf))

For the total fluid:

95 (Pg(L = 5) + puS) + div(pgVy + puV) = 5G™ (8)
where
Vy = =Ag(gradPy — pi'g), Viy = —Au(gradP, — piig), A = £2,
() o
V;(k) =Vi+ V;(ll)g) = _¢l?jk)527 1= g,w,;
Pw:Pg_PC(S)5
Dissolution:
ey =1—c) —c; (9)
AV = HY Py k= 1,2,3; (10)

where S is the water saturation; P is the pressure; p is the molar density; p is the
dynamic viscosity; K is the absolute permeability; ¢ is the porosity; k, ., (S) is the relative
permeability; G is the molar rate of gas injection (mol/s), 2 is the total volume of the
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k)i is the injection concentration of component & in the injected gas (constant

value);y*) = { Zl%?: z ; . O™ is the total mole fraction of chemical component k in both

reservoir, ¢!

phases.
Analytical and Numerical results Asymptotic model for low gas saturation

Let’s consider asymptotic model for low gas saturation. In this case the neuston is very
modest and bacteria living in water dominate far from the interface. Consequently, the
chemotaxis which determines the neuston formation should be taken into account. Since the
reaction kinetics depends on concentrations of both C'O, and H,, the model of the process
resulting from (6) and (7) consists of three equations in this case:

-5 = (41 — 0410102712 + D1(UI)A61
8‘_0152 G2 — QpCican® + D(Q)Ac (11)
Sp = —pn+ agcican® + DyAn — D79V (exp(—Aepc1)nVey)

where
o @Gind ¢(k),inj _4H®) _4HM _ nuHWH® S
Ck = Cg’ k= QepE®S M = 5o ohns @2 = 5o o0 A3 = tow ,B= td

Moreover, when the concentration of one of the components is very low, we obtain
the model which may be analyzed without simplifications. Let us assume that water can
contain very low concentration of hydrogen, that is ¢; << ¢o. Then concentration ¢, may be
considered as variable with small change. From (11) the following expression is obtained:

{ 8C1 =q1 — OélCln2 + D D Acl (12)

= —fn + azein?® + DyAn — D7V (exp(—Aenc1)nVey)

which is the Turing model [12], if chemotaxis term is neglected.
Analytical study: Limit Stationary Spatial Waves

The resulting model (12) has a limit cycle in time, if diffusion term and chemotaxis are
neglected. In the paper [10],[13]-[14] there is a criterion for the existence of a limit cycle for
the case oy = a3 = = 1:

0.90032 < g1 < 1.0 (13)

Stationary solutions of the system (12) represent the second kind of limit behavior at
(t — 00). In the 1D case the system of equations correspond to the model:

D(l)%mcgl =aien® —q
J a > (14)
Dy 55 — D= (exp(—Acncr)ng-c1) = fn — ascn

The simplest non-trivial stationary solution corresponds to the limit case: Dy—o,D** = 0
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DS)%ZCQ =aen’ —q (15)
0 = fn — ageyn?

System (15) requires two boundary conditions:

0 ot
" dw

C1 ‘x:OZ c

|o=0=10 (16)

Then the system (15) may be reduced to one ordinary differential equation of the second
order:

d?c; oy 32 ¢
W = f(cl)7 f(cl) - Oz%DS)Cl - Dz(ul) (17)

Equation (17) may be reduced to a non-linear autonomous dynamic system:

da _ 7
P 18
{85 -
We have obtained the non-linear autonomous second-order system which can be analysed

using the traditional methods of the theory of non-linear dynamics. The Jacobi matrix of the
system is:

-1 1
J = odai (19)
- D(l) 2 _1
a1 Dy’ B

One stationary point exists: U, = 0, ¢, = ‘;12'512. Then we calculate eigenvalues v o of
3
matrix J at the stationary point Uy, cs:

th(J — I/[) = ‘ a%q%

The eigenvalues are:

_ah (20)
Var DY

Thus, point p(Us, ¢s) is the center if the expression % > (0 is positive, which is
a1 Dy, ﬁ

the condition of existence of periodic solutions of system (15).The phase portrait of (15)
calculated for oy = a3 = 1, DY =1 and q1 = 0.95 is shown in Fig.1. The corresponding

Vig = +
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periodic oscillations of Hy concentration are shown in Fig.2 for the case of the boundary
condition:

de
1 |z=0= 0.1, d_:; 2=0=0 (21)

Numerical study

Then we analyze the problem (12) of gas injection in two-dimensional case with constant
initial conditions and Neumann boundary conditions which correspond to impermeable boundaries:

nli=o = 1,¢1 |=0= 1, % loo= 0, Z—Z loo=0 (22)

The initial values are located within the zone of attraction of the limit cycle, so that the

solution of this problem is space-invariant and oscillating in time. The flow rate ¢; in equation
(12) represents the hydrogen injection into the reservoir.

This space-invariant solution was perturbed in the form of an instantaneous non-zero

concentration gradient applied to the small vicinity of the origin. The evolution of the

perturbation is shown in Fig. 3- Fig. 4. And, Table 1 shows the data used in the calculations.

Ta6smna 1: Calculated data.

Computational grid | 32 x 32
Time step 0.006104
¢1 (perturbation) | 0.95+ 0.01
¢ 0.95
Dy 0.01
Dner 0.001
aq 1
Qa3 1
I6] 1
Ach 1

After perturbation, the irregular waves traveling throughout the overall domain were
observed. Their evolution was very fast establishing to the structure presented by regular
periodic waves invariable in time. The Fig. 3 and 4 represents the results of numerical
calculation of the evolution of the hydrogen concentration, changes in the number of bacteria
at t = 40..1000 with diffusion as well as taking into account chemotaxis which was used
the calculated data from Table 1. This means sufficiently regular ring waves are developed
with excess and deficiency of hydrogen and bacteria in the space, which alternate with each
other. In areas with high bacteria concentrations where the reaction (1) is rapid, alternation
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Bacteria Bacteria Bacteria
with diffusion with chemoiayis with chentotayis
D, =0.001, D5% =0 D, =0.0005, D5 =0.001 D, =0.0003, D5* =0.001

Figure 1-Evolution of auto-waves of bacterial population with diffusion and chemotaxis at ¢ = 40..1000

Hydrogen Hydrogen Hydrogen
D, = 0,001, D™ =0 D, =0.0005, D™ =0.001 D, =0.0003, D™ =0.001

£=1000 - r=1000 ) 1=1000

Figure 2-Hydrogen concentrations at ¢ = 40..1000

with the ring excess and deficiency of bacteria appear, whereby the methanogenic bacteria
generates methane.

In case of taking into account the chemotaxis of bacteria, the bacteria forms neuston
formation. In this work an attempt has been carried out to qualitatively analyze the impact of
methanogenic bacteria on the dynamics of the formation of methane in underground hydrogen
storage. Occurrence of undamped oscillations during the time which tends asymptotically to
periodic waves, means that the system undergoes self-organization of new structures in the
form of methane. It should be noted that, not only in the case of consideration of diffusion but
also chemotaxis damping oscillations were observed in space.In the limit of computational
time steady-state spatial pattern of frozen waves is observed. Following results in Fig. 2 and
Fig. 4 predicts the effect of a natural in situ separation of hydrogen gases, which was observed
in practice.
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Conclusion

In papers [7]| and [8] it was proved that an underground storage of hydrogen can function
as a natural chemical reactor producing methane from hydrogen and carbon dioxide. The
reaction between Hy and C'O; (1) is catalyzed by methanogenic bacteria and happens in the
form of the metabolism process.

In paper [10] the first mathematical model of the process was developed. It was based on
single-phase flow model coupled with population dynamics equation. The bacterial population
was considered in the average and various forms of its existence were reflected in nonlinear
kinetics of population growth.

In paper [11| we developed the two-phase flow model coupled with the dynamics of two
bacterial populations. One of them represents bacteria living in water, while the second
one is the neuston - a thin biofilm situated at the interfaces between water and gas. We
also developed the mathematical model of chemotaxis in two-phase fluid, which is the main
mechanism of neuston formation: bacteria living in water feel the presence of nutriments
concentrated in the injected gas and move to the direction of the interfaces water-gas without
crossing them. We have shown that the chemotaxis law should satisfy some specific conditions
to ensure the neuston formation. In particular, the bacteria diffusion is shown to be a
regularizing mechanism which ensures mathematically the existence of regular solutions.

In this paper, we used above mentioned mathematical model from [11], analystically and
numerically studied the equations of mathematical model for the case of low gas saturation,
and compared the results.

In case of low gas saturation, asymptotic model (12) related to hydrogen and population
of bacteria, taking into account D, = 0 and D}}** = 0 when ¢ — oo, was analytically
studied. This model leads to non-linear autonomous dynamic system which depends on space
coordinates, that is, (18). When the model in (18) which is second-order system was studied
using traditional methods of the theory of non-linear dynamics, stationary point of that
system was found and its type found out to be center (Fig. 1). It means that the considered
system has a periodic solution, that is, the hydrogen is periodically distributed over the space
which can be noticed from Fig. 2. This periodic distribution phenomenon is also detected,
when model (12) is solved by taking into account the bacteria diffusion and chemotaxis.The
results provided in Fig. 4 is obtained by perturbation theory. Moreover, the steady-state
distribution of the hydrogen concentration over the space is achieved when time is at least
t = 1000. After ¢ = 1000 the periodic distribution is frozen, which means, now, it does
not depend on time. The obtained results describe natural gas in situ separation in the
underground hydrogen storage.

The results in Fig. 3 compare two cases: a) the model takes into account the diffusion of
bacteria b) the model takes into account chemotaxis of bacteria. It is noticed that in case
of chemotaxis, amount of bacteria was higher concentrated in the places where hydrogen
concentration is high compared to the case when the model uses diffusion of bacteria. This
physically means that more the bacteria is concentrated faster the chemical reaction (1). As
a result of this phenomena, the methane gas is generated in underground hydrogen storage.

In a word, the results provided above show the natural in situ separation of hydrogen
mixture and the generation of methane gas during the underground hydrogen storage.
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