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Motivation e

Increased use of the subsurface injecting or extracting fluids.

- changing the chemistry of the pore water, which will re-
equilibrate with the present minerals

—> need for reactive transport models

Exclusive and storage uses require separation.

- sealing of leakage pathways is important

—> sealing = mineral precipitation = reactive transport
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Motivation

Microbially Induced Calcite
Precipitation (MICP) is -
investigated as sealing station e
technology.

SC-CO>

It is used as an exemplary . Cap rock
problem setting for reactive o (i Engineered T
transport in porous media. EXET Deep Sibsurface
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Model concept

Improvement of the numerical model for MICP:

Implementation of the experimentally observed kinetics of ureolysis by
living S. pasteurii
Improvement of the description of the biofilm impact on permeability

Summary and Outlook
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Model concept: Relevant processes

 Two-phase multi-
component transport

e Biomass
e growth/decay
e attachment/

detachment
— r— * Urea hydrolysis
<“calcite precipitate CO(NH,), + 2H,0 urease, 2 NH, + H,CO,
« Precipitation / dissolution
of calcite

Ca*t + COZ" +— CaCO,4 |
e Clogging
¢ — ¢O — ¢bioﬁlm — ¢calcite

K =Ko (&%)
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Model concept: important reactions

» Bacteria Sporosarcina pasteurii produce the enzyme urease.

» Urease catalyses the hydrolysis of urea, which produces ammonia
and leads to a pH increase.

CO(NH,), + 2 H,0 —== 2 NH; + H,CO, ureolysis
H,CO, «— HCO; +HT dissociation of carbonic acid
HCO; +— COZ™ 4+ H™ dissociation of bicarbonate ion
2NH, +— 2NH; +2H" dissociation of ammonia
Ca®T + COZ™ +— CaCoO, | calcite precipitation/dissolution

-> in the presence of calcium ions, therisein pH
due to ureolysis will drive the precipitation of calcite.
University of Stuttgart IWS, Department of Hydromechanics and Modelling of Hydrosystems M‘lﬂg
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Model concept: Scale

(modified after Ebigbo et. al., WRR 2012)

averaging
Pore scale > REV scale

3
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Mass balance equations Ernectn

Mass balance equation for components in both phases:

% % (dpazxiSa) + V- (paxiva) — V- (paDaVzh)= ¢~
K € {W, Crot, Oz} ;@ € {w, n}

Mass balance equation of components exclusively in the water
phase:

9 ($pwrtSw) + V - (pazlivw) — V - (pwDw V)= ¢
xk € {Na, Cl, Ca, bio, substrate, N, urea}

Mass balance for the immobile components / solid phases:

3\ g;/\ = g* X € {biofilm, calcite}
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Sources & sinks: Biomass
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: . bi _ bi bi
Suspended biomass: ¢"*° = Tgrowth — Tdecay — Tattach T Tdetach
: . biofil _ biofil biofil
Biofilm: q m s — Tgigwt% - ngéaym + Tattach — Tdetach
G th: bio _ S Cbio
rowbil. rowth Mgb W~ w
iofil _
gigwtﬁ = UObiofilm Phiofilm
Csubstrate COQ
Growth coefficient:  u = UmaxYield - W
* - - O
Ksubstrate + Csvubstrate K02 -+ CW2
Decay: o = B, 65O
Tbloﬁ m kblOﬁY @
decay - decay biofilm Pbiofilm
. _ bi
Attachment: Tattach — (Ca,l(;bbioﬁlm + Ca,2) CWIOQwa
0.58 iofilm
Detachment: T'detach — (Cd,l (|va| @SW) + /’qu Pbiofil ) ¢bioﬁ1mpbioﬁlm
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Sources & sinks: Solutes
Substrate: goubstrate —  _(p gll,gwth + Ttg);ggvltﬁ) /Yield
Oxygen: q°? = —(r gﬁgwth + ""Eﬁggvltrﬁ) - (0.5/Yzeld)
Urea: qurea — _purea _ f(¢bioﬁlm; Cfvt‘lfrea7 pH, C§H4)
Total nitrogen: g™ 'ror = 2puree
Calcium: q“? = Tdiss — Tprecip = [ (area, saturation state, pH)
Total carbon:  ¢Cte = 7% + Tqiss — Tprecip
Calcite: gcalcite = Tprecip — Tdiss = J(area, saturation state, pH)

University of Stuttgart IWS, Department of Hydromechanics and Modelling of Hydrosystems % M‘lﬂg
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Outline

Model concept

Improvement of the numerical model for MICP:

Implementation of the experimentally observed kinetics of ureolysis by
living S. pasteurii
Improvement of the description of the biofilm impact on permeability

Summary and Outlook

.....
oooooooooo
PR TN

ooooooo
......
.......

University of Stuttgart IWS, Department of Hydromechanics and Modelling of Hydrosystems g |.H2
i)ﬁ-"::u



International Research o o® 0 L n u P u S MONTANA

Training Group ~e STATE UNIVERSITY
O Center for Biofilm

Ureolysis, simplified equation
1to 0.01 11 15 0. 06 to 0.01

. +
— —~ 1 ) Nup__Murea NH
rurea = Kurease Feu kub (pr s )" "ub g Hurea — _ —

41.67 ¥ ezt h 0.017 ) )

Fitted to experimental

rurea = kurease kup(prér)™ub e —  data, previously literature
706 0.355 values.

New rate according to Lauchnor et al. at MSU  Previously fitted parameter,
Now literature values.

 Removing pH dependency and inhibition term results in an
Increase of the calculated rate of ureolysis by a factor of 16
to 10000.

* The experimentally determined kurease INCreases the

calculated rate even more. _
- the model needs to be refitted

& University of Stuttgart IWS, Department of Hydromechanics and Modelling of Hydrosystems E.,HQ
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Refitting conter o

e Refit done using inverse modelling with ITOUGH?2
e 3 (4) fitting parameters:

* biofilm density Pbiofilm

e attachment coefficients “a,1» ;2

e (urease to biomass ratio kyp)

Murea
utmurea

rurea = Kurease kub(Pbiofilm¢biofilm)n“b K

_ bi
Tattach = (Ca:1¢biofilm + Ca,z) Cw°dSw

_ 0.58 e
rdetach = (cd.1 (|Vpw| #Sw) + poiofilm Y g o i
d0—Pcalcite

AN\ 3
& = ¢0 — Pcalcite — Poiofilm K = Ky (cfo—%:cr:t)

University of Stuttgart IWS, Department of Hydromechanics and Modelling of Hydrosystems %, . .o
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Recalibration results

[1/5]

0 : : : : : 5 : : : :
* Al fitting results %
%*
-2 + Fitting results with k = 0.01 ‘*‘ 7 *
*

ot &

Fitting Results for Iog(ca 1) Fitting Results for Iog(ca 2)

al () Fitting resuits with lO\;aJ . X | * % %
6F * % _*—_ * i ¥ A.” fitting results.

Z 0l + Fitting results with k = 0.01 _
-8 A () Fitting results with low Ca,1

R *® -
* ¥
_ 14 1 1 1 1 1 _ 1 5 1 1
Cold Col 8 Col 9 BRR Super Cold Col 8 Col 8 BRR Super

_ bi
Tattach = (Ca,1¢biofi|m + Ca,z) Cw°dSw

0.58 of
raetach = (€a,1 (|VPw| $Sw)0 %8 4 g RI0MN ) i1 oot

AN\ 3
& = ¢0 — Pcalcite — Poiofilm K = Ky (cfo—%:cr:t)

University of Stuttgart IWS, Department of Hydromechanics and Modelling of Hydrosystems % \i f
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Recalibration results

Fitting Results for plbiofilm i Fitting Results fork
35 . . ¥ . B ' ' - %
* Al fitting results
307 + Fitting results with k , = 0.01 ] % 1 *x
o5 | Fitting results with low Cat 2 _
£
w207 * & *[[ % Al g resuis |
E i g
=2 0 Fitting results with low ¢
=5 {51 # © a,1
jrut 8 B n
10t - ) | g %
* #__ * ol * i
a7 % * * 1 % "
" #*
O | 1‘ }: | | 1 | | 1 1 _*
Cold Cal 8 Col 9 BRR Super Cold Col 8 Col 8 BRR Super
r — k ke ( . qﬁ e ) ub Murea
urea urease Fub{PpiofilmPbiofilm Kut+murea

rdetach = (€d,1 (|Vw| dSw)? 58 + g BRIOIN ) s oot

0—Pcalcite
¢ = ¢0 — Pcalcite — Pbiofilm K = Ky ( O Qcrit )3
Po—Perit
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Outline

Model concept

Improvement of the numerical model for MICP:
Implementation of the experimentally observed kinetics of ureolysis by
living S. pasteurii
Improvement of the description of the biofilm impact on permeability

Summary and Outlook
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Permeability: High-pressure core experimel

Sandstone core used for the high pressure
core experiment

Experiment
o = 0.137
¢ = ¢g=0.18 ¢=0
Gcalcite = 0.037
—1512
Pcalcite = 0.0 2.3-1077"m
Simulation
¢ = 0.138
K = Ky Pcalcite = 0.031
3.7-10 14m?2 =

before after
biomineralization
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Permeability: Biofilm impact

a5h, * Experiment-Permeability
—— K/K0 relation according to Ebigbo, ¢crit=0

(K/KO relation according to Ebigho, ¢crit=0.108_

N
N

e Changes in porosity

o
o
¥ ¥

__________________

Permeability [10°

® = @0 — Pcalcite — Pbiofilm

—
— Ll N
T T T
+ 8 aWHar kd

o
[Sal
T
-
—t

{ Changes In permeablllty OMO 460 5(I).0 ‘600 : 700 860 900

Time [h]

K=K (¢_¢Crit )3 Kozeny-Carman type relation
O\ do—derit

Is there a better description?

K =Ko (2-%1)" - $($, dealciter Piofilm: )
- Measurements of both porosity and permeability needed

University of Stuttgart IWS, Department of Hydromechanics and Modelling of Hydrosystems 2 &HE
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Permeability: Biofilm impact
e  Kozeny-Carman
* Experiment-Permeability H .
—--KJ/K, relation according to Ebigbo, ¢_.=0 relatIOn doeS
ar —KIK, relation according to Ebigbo, ¢_.=0.108| not represent
£ calcium injections 7 effects of biofilm
S ) e (éxamples) - on permeability
=25 t2e- ]
= | * The effect of
: S N gl g e Y calcite
i

precipitation is
pictured quite
well

—
T

0
0 100\ 200 300 400 500 600
Time [h]

Biofilm decay during one week

Biofilm inoculation . .
starvation period

University of Stuttgart IWS, Department of Hydromechanics and Modelling of Hydrosystems %, .9
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O Influent Effluent ©

Porous medium, 100um pores

\ > Flow cell

Valve

-
H

A

B
Valve L

Pressure transducer
Valve

:|<—> Inoculation/Flush
y
. @ Injection of mediu
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Permeability: Biofilm impact, updated relati
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Permeability factor [-]

=
o))

2

181

161

—_—
N
T

—_
[
T

—

=
e

e Kr’ko calculateld from prlelssure d.rop | EX'[enSIOH Of the
® KEKD calculated according to Ebigbo 2012 .
w KIK, relation of Ebigbo 2012 with exponent n = 100 preVIOUS|y used
% K/K, relation of Ebigbo 2012 multiplied by § = exp(-80:¢,) Kozeny-Carman by
- 1 ashape factor S or
. . . . . 1 anincreased
Y © *1 exponent n fit the
. | observed
""""" Aoy | permealbility
l | RN ACCEre — reduction.
2 4 6 8 10* 12*' *T4
Time [h]
— : n
K = Ky (ﬁ)_%zcr:t) ) S(Qba Gcalcites Pbiofilms )
University of Stuttgart IWS, Department of Hydromechanics and Modelling of Hydrosystems )
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Permeability: Biofilm impact, updated relati

e Extension of the
45%, * Experiment-Permeability I ]
— KJ/K, relation according to Ebigbo, ¢_. =0.108 preV|OUS|y used
K/K0 relation according to Ebigbo, ¢_=0-108, S=exp(-80¢bio)_ Kozeny_Carman by a
shape factor

§ — ¢—80dpiofilm

Improves modeled
permeabillities.

- More experiments
t | have to be conducted

4 & .

0 et 4 1o further improve it.
0 100\ 200 300 400 500 600 700 N
Time [h]

Biofilm decay during one week
starvation period

Permeability [1074 m?)

LFFE

Biofilm inoculation

University of Stuttgart IWS, Department of Hydromechanics and Modelling of Hydrosystems
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Outline

Model concept

Improvement of the numerical model for MICP:

Implementation of the experimentally observed kinetics of ureolysis by
living S. pasteurii
Improvement of the description of the biofilm impact on permeability

Summary and Outlook
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Summary and Outlook

« Updated the ureolysis kinetics according to the
experimentally observed
Lauchnor et al. at MSU, not yet published.

. T
rurea = kurease kub(Pbiofilm¢biofilm)n“b Ku_|_“7,';,fuarea

* Recalibrated the numerical model against different
experiments.

Fitting Results for Iog(cm) Fitting Resuits for Iog(caz] Fitting Results for Phiofilm o Fitting Results for k -

1] . . . . . \ ' ' . - 1 a5 # v * -
* Al fitting resut: i % * # 4l fitting resuits
-2 |- Fitting resuils with k., = 0.01 * 1 f 80} |- Fitting rosuits with k,, = 0.01 N % *
™y Fitting results with low "y Fitting results with low ¢
4 2l 1 + * %* 25H < L ® _ ®
w * * ;
+ —i $ * * 4l fiving *
T T gl - Fitting re * A
= = O
() Fimting re: *
L
* +
#* *
¥
* L. *
" . . +*
19 Colg EFRFR Supar

[~
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Summary and Outlook

* Derived and implemented an improved porosity-permeability
relation (started based on first experiment, waiting for experimental
replicates).

~ O—Perit 3 . -—800¢ iofi
K~ Ko (<f>0—¢crit) ¢ Promim

2 I T T T
I s K/KD calculated from pressure drop
1.8 K/K . calculated according to Ebigbo 2012
. 0
16k v K/KD relation of Ebigbo 2012 with exponent n = 100
% /K, relation of Ebigbo 2012 mutiiplied by S = exp{-80.¢)
T 14F H
5
e
% ! *' N e ° . .
g * ®
Qo8 ™, ol
> I
o 06F 3
0.4F o
ke,
0.2r v " oo
0 1 1 I v \‘$ """""""" |r* """""""""" * ...... *_
0 2 4 6 8 10 12 14
Time [h]
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Summary and Outlook
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« Showed that the model is able to produce reasonable results
on field-scale, s e T

. Volume_Fraction_Calcite 00174 00174
See preVIOUS D‘Tflnm||0\‘T|31||u||°|‘T|2|||mfm° 0011 o01e]
- ) 0,015+ 0.0154
presentation by 0g
. . I $ 0 0013 0.013
A. Cunningham. [ ..
0.014 0014
0.0094
0.008 0.008+4
0.0074
0.006+
0.005+ 0.005+
0.004+ 0.004+
0,003+ 0.003+
0.002 0.0024
A 0,001 0.0014

K 7 p 3 B, °C ¥ & ¢ 5 D

* Further investigation of the possible increases in efficiency
using sequential calculation of transport and chemical
reactions to increase the feasiblility of field-scale simulations.
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Thank you for your attention!

All simulations were
done using DuMu*
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