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Vorführender
Präsentationsnotizen
Climate change brings the need to reduce CO2 emissions or at least to store the CO2 somewhere. This could be done in the subsurface.
But there are several concerns about the risks of subsurface CO2 storage:
-brine displacement
Cap rock failure leakage
Leakage in the vicinity of injection wells (also abandoned wells) 

Here I will focus on Leakage in the vicinity of wells 
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Ca*t +CO; "

Two-phase multi-
component transport
Biomass

o growth / decay

e attachment/
detachment

Urea hydrolysis

CO(NH,), +2H,0 —= 2NH, + H,CO,

Precipitation / dissolution
of calcite

+—— CaCOg4 |
Clogging
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K = Ko (§5m)
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Vorführender
Präsentationsnotizen
A schematic figure which shows the different phases and
 important processes which need to be accounted for by the model.
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REV-scale model

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

averaging
Pore scale > REV scale

b ]
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Vorführender
Präsentationsnotizen
All processes accounted for by the model are described on the macroscale.
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Phases, components, primary variablesl =

2 fluid phases: Water and CG,
2 solid phases: Calcite and biofilm
10 mobile components: Water, total carbon, sodium, chloride,

calcium, biomass, substrate, oxygen, total nitrogen, urea

Component | Variable Description
water DW e e water phase pressure
CO5 saturation or mole frac. of tot. carbon in water
............ mole fraction of component x in water
................... volume fraction of solid phase A

total carbon ¢
components
solid phases

The variable for total carbon depends on the phase presence.
In case of both phases present, it is the non-wetting phase saturation,
if only water phase is present, it is the mole fraction of total carbon in water.
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Vorführender
Präsentationsnotizen
List of components for which mass balance equations are set up. 

The variable for water is the water phase pressure.

The variable for the total carbon depends on the phase presence. 
In case of both phases present, it is the non-wetting phase saturation, 
if only water phase is present, it is the mole fraction of total carbon.

For the other mobile components the water-phase mole fraction is used as variable.
Immobile components are accounted for with the volume fraction they occupy. 
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Mass balance equations

 Mass balance equation for components in both phases:

o {% (¢angsa) + V- (Qozxgva) - V- (QaDa,pmvxg)} = q"

k € {w, Ciot, O2};a € {w,n}
 Mass balance equation of components exclusively in the
water phase:

% (¢QW$@SW) + V- (QWZU\,;VW) - V- (QWDW,pmvxgv) — q’.43
k € {Na, Cl, Ca, bio, substrate, N, urea}

 Mass balance for the immobile components / solid phases:

253 8¢>‘ = qA A € {biofilm, calcite}
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Vorführender
Präsentationsnotizen
Most components exist in the water phase exclusively. 

Oxygen may, however, partition into the CO2 phase, like water. 

For the solid components, the mass balance is reduced to storage and source terms.

The source terms of the components will be shown in the following slides
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Suspended biomass: ¢ r'g;gwth — Tgé%ay Tattach T Tdetach
; . biofil biofil biofil
Biofilm: q ronin Tgrl,gwtrﬁ — Td(lacéaym ~+ Tattach — Tdetach
GI'OWth' T.bio ¢S Cbio
: growth HPOwL
biofil
T growth I ®biofilm Obiofilm
Csubstrate COQ
Growth coefficient:  u [max Y teld : =
Ksubstrate + Csvubstrate K02 + Cv(\?2
. bi bi
Decay: Tdécéay f(pHa Cwloa @y Sw )
biofilm lcit iDitati .
7adecay f(Ca Cite precipitation, (,bbloﬁlm)
: bi
Attachment: Tattach f(Cw107 ¢) SW) ¢bioﬁlm)
. biofil
Detg?hment. T'detach f(|vPW| ) ¢bioﬁlm7 Tgrl-gwtrﬂ)
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Sources & sinks: Solutes
Substrate: ¢ = (1w T Tarowin)/ Yield
Oxygen: q°* = —(Tgrowth t Tgrowtn) - (0.5/Yield)
Urea: qurea — _purea _ f(Cv?/rea7 pH, CVI\\,IHZL)
Total nitrogen: gNHeot = 2rures
Calcium: q“? = Tdiss — Tprecip
Total carbon:  g¢“tet = " 4 rdiss — Tprecip
Calcite: qcalcite —  Tprecip — Tdiss
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Vorführender
Präsentationsnotizen
The most important source term are those of urea and calcite.
Qu is a function of the concentrations of urea, ammonium and the pH.
The source term of calcite depends on the dissolution and precipitation rate. 
Both will be shown in detail on the next slides.
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Berea sandstone core used for the high pressure
core experiment

Experiment
¢ =0.137

Simulation
¢ =0.114
b = 0.030

before after
biomineralization
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Results: High-pressure core experimentg &=

\ —-—Experiment—Permeabilij/ * In general good
| —Simulation—Permeabilit agreement
between

3i : experiment and
ﬂ simulation

e Atthe end and
the beginning

— the experiment

) o Db > IS not matched

0 200 400 600 800 by the
Time [h] simulation

Permeabilit

.....
.
R A
*e
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Results: High-pressure core experiments

'\ — Experiment—Permeability * Kozeny-Carman
r —Simulation—Permeability.  relation does
- not represent
. calcium injections | effects of biofilm
A -~-----------______:;g;xampIeS) on permeability
2N e e | * The effect of
S| ' calcite
= My —_precipitation is
D ) l l o Db \|,3Vighured quite
0 200 400 600 800
Time [h] \

Biofilm decay during one week
starvation period
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Vorführender
Präsentationsnotizen
Alternative porosity-permeability relations:
 stick with Kozeny-Carman and try to fit the exponent or the critical porosity or split into 2 relations for calcite and biofilm each
 implement more sophisticated relations which may account for preferential clogging of permeability pore sizes by biofilm 
 investigate the problem further looking at the 
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Future work: Large and field-scale applicatiof

Challenges:

wEl
_____
an
------
PR
att

| S— . o few information
IS recipitate
i > Ealcitz * heterogeneous and
injectionof anisotropic media
bacteria, . + 3-D radial flow
urea, reservolir
calcium, . large sc_:ale VS
radius of several meters necessity of fine

discretization
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Vorführender
Präsentationsnotizen
The recent models are all based on the 2phase flow of water and CO2. They do not account for air as a phase/component.

However, this will not be necessary for the high pressure experiments or the field scale simulations.
So is it important enough to do it anyway? Or should we just live with the error that results in fact that we neglect it?
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Outlook

e Validation of two-phase model.

—>High-pressure experiments with supercritical carbon
dioxide.

e Validation of the model for inhomogeneous media.

* Use the model as a predictive tool to design field

scale application.

* Improve the implementation of clogging with respect

to biofilm presence.
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Thank you for your attention!

Numerical implementation:

DuMu® (DUNE for Multi-{Phase, Scale, Component, Physics, ...})
— Based on DUNE (Distributed and Unified Numerics Environment)

— Modular numerical simulator
DuMu”

_/\/\~

For further information see: or:

Flemisch et. al; DuMux: DUNE for Multi-{Phase, Component, Scale, Physics, ...} Flow and
Transport in Porous Media. Advances in Water Resources , 2011.

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



http://dumux.org/
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Aquifer

Cap rock

Motivation — Injection-Well Vicinity
N |
station W T e corrosion of well cement
202 * high injection pressure

- cause fracture

- leakage of CO2

(Ebigbo et. al., AWR 2010)

-> interested in investigating the use of biofilms
which are capable of causing calcite precipitation

University of Stuttgart
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Vorführender
Präsentationsnotizen
The caprock in injection-well vicinity is strongly stressed due to high injection pressures which may cause fractures. 
The mixutre of CO2 and water may cause corrosion of well cement. 
Both of these mechanisms may cause leakage of CO2 through the caprock. 
Engineered biobarriers can be used to protect the caprock and well cement. 
We are interested in investigating the use of biofilms which are capable of causing calcite precipitation
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Model concept

_—_— N o,  What kind of a model do

station | compressor

£ we need?

Injection well N
/

Cap rock
Engineered:

bloﬂlmlmln
"blobarrie L

Aquifer Deep subsurface

@ P

(Ebigbo et. al., AWR 2010;
Phillips et al. , Environmental Science & Tech. 2012)
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Vorführender
Präsentationsnotizen
What kind of a model do we need to describe the system of interest in all necessary detail?
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-/

Cap rock

g * Two-phase multi-
component flow model

Aquifer Deep subsurface

Including relevant bio-
chemical processes

(Ebigbo et. al., AWR 2010;
Phillips et al. , Environmental Science & Tech. 2012)
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Vorführender
Präsentationsnotizen
2phase multi-component flow model which includes all relevant reactions, 
 
Processes like precipitation, dissolution and biofilm growth, which change porosity and permeability
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List of Components / Primary Variables =&
Component Variable Description
water D e water phase pressure
total carbon | S, / xSt  CO, saturation / mole frac. of tot. carbon in water
susp. biomass LA mole fraction of suspended biomass in water
biofilm DF volume fraction of biofilm
substrate TS, e mole fraction of substrate in water
oxygen 02 mole fraction of oxygen in water
urea Tre e mole fraction of urea in water
total nitrogen vt L mole fraction of total nitrogen in water
calcite De e volume fraction of calcite
calcium xSl mole fraction of calcium in water
chloride b mole fraction of chloride in water
sodium TN, mole fraction of sodium in water

In total 2 fluid phases, 2 solid phases and 10 mobile components

The variable for the total carbon depends on the phase presence. In case of both phases
present, it is the non-wetting phase saturation, if only water phase is present, it is the mole
fraction of total carbon in water.

ooooo
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Vorführender
Präsentationsnotizen
List of components for which mass balance equations are set up. 

The variable for water is the water phase pressure.

The variable for the total carbon depends on the phase presence. 
In case of both phases present, it is the non-wetting phase saturation, 
if only water phase is present, it is the mole fraction of total carbon.

For the other mobile components the water-phase mole fraction is used as variable.
Immobile components are accounted for with the volume fraction they occupy. 
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Biomineralisation: Reactions

* bacteria Sporosarcina pasteurii produce the enzyme urease

e urease catalyses the hydrolysis of urea, which produces ammonia
and leads to a pH increase -2 drives the precipitation of calcite

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

-> in the presence of calcium ions,
the rise in pH will drive the precipitation of calcite.

University of Stuttgart IWS, Department of Hydromechanics and Modelling of Hydrosystems H‘U@
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Vorführender
Präsentationsnotizen
The ureolytic bacteria produce the enzyme urease. 
This enzyme catalyses the hydrolysis of urea, which produces ammonia and leads to a pH increase. 
In the presence of calcium ions, the rise in pH is the driving force for the precipitation of calcite.

The dissociation reactions are accounted for with equilibrium constants, 
where the reactions marked in yellow are “slow” are need to be described with reaction rates.
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Rate of Urea Hydrolysis
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. Myrea I mo'urea
d — —Vmax - ub

(KM + murea) | + —*

m3 - s

Vmax - - - Maximum reaction rate
kub . . .amount of urease per bulk volume

k MOl yres

Vmax —
Myt KEU=2 Eurease
1+ +
KEU,I mH+

)

KEuy; . . .dissociation constants for enzyme—urea complex

Adapted from:
Fidaleo and Lavecchia, Chem. Biochem. Eng. Q. 17 (4) 2003

AL


Vorführender
Präsentationsnotizen
The rate at which urea is hydrolysed in the presence of urease can be described as a function of urea and ammonium concentrations. Ammonium is an inhibitor.
Additonally, it is a function of pH. 
The parameter k_ub describes the amount of urease present in the porous medium.
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Rate of Urea Hydrolysis

u Myrea I mo'urea
d — —Vmax - ub

(KM + murea) | + —*

m3 - s

Vmax - - - Maximum reaction rate
kub . . .amount of urease per bulk volume

1 1 1

0.g

0.8

0.4

normalised ureclysis rate

0.2

g 11

La
4]

7
pH
Fidaleo and Lavecchia, Chem. Biochem. Eng. Q. 17 (4) 2003
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Vorführender
Präsentationsnotizen
The rate at which urea is hydrolysed in the presence of urease can be described as a function of urea and ammonium concentrations. Ammonium is an inhibitor.
Additonally, it is a function of pH. 
The parameter k_ub describes the amount of urease present in the porous medium.
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Calcite Precipitation / Dissolution

Torec = Kprec Asw(Q — 1)"P for @ >1 > precipitation occurs

Fdiss — (kdiss,l[H+] + kdi55,2)Acw(1 — Q)nd for 2 <1

- dissolution occurs

Mca2tMco2-  Yea?tMea®Tecol-Tco2-

) = —
K3p() Kep

.saturation state

Asw . . . specific interfacial surface between solid and water phases
Aew . . .specific interfacial surface between calcite and water phases

-> rate of precipitation or dissolution is dependent
on the distance from equilibrium

University of Stuttgart IWS, Department of Hydromechanics and Modelling of Hydrosystems
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Vorführender
Präsentationsnotizen
The saturation state of calcite is calculated from the concentrations of the calcium and carbonate ions, and from the solubility product.
When the saturation state is greater than one, precipitation occurs, 
whereas dissolution occurs when it is less than one. 
The rate of precipitation or dissolution is dependent on the distance from equilibrium. 
Since precipitation/dissolution take place at the interface between the solid (calcite) and the water phase, 
In this model the rate is calculated as a function of the surface areas.
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From the

activity coefficients,

one can calculate the apparent solubility product

O Yca?tMca?+Yco2-Mco2~ FoE Ksp
— ; sp
Ksp Yca?tVco2-

g B 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I i
58 -] -
: R X Worioeo ]
= F 4
% N . r ¥ A g ' _"_ u i
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@ _ V.. - ]
g B . ., - ]
e il ]
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0 g ] 3 5 5
CI concentration [molfkg]
Negative logarithm of apparent solubility product Kgp

University of Stuttgart

iIn NaCl and CaCl, solutions.
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Vorführender
Präsentationsnotizen
From the activity coefficients, one can calculate the apparent solubility product. 
This is done in the figure for the solutions from the previous slide and,
for sodium chloride and calcium chlorid, compared to measured literature values.
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Surface Areas s e

mineral

mineral

AcPc < Asw(é) a-c:(bc > Asw((ﬁ’)

o\ %
Asw — Asw -
p(%)

) Ebigbo et. al., WRR 2012
min{ Asy, @cdc) (Ebig )

"
2
|

ac . . .specific surface area of calcite grains
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Supplementary equations

e Changes in porosity
¢ = o — Or — P
 Changes in permeability

3
K =K, (%) ... Kozeny — Carman — type relation

e Charge balance

> i zimy =0

ooooo
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Vorführender
Präsentationsnotizen
To include the effects due to the processes changing the volume fraction of the immobile components on the flow,
The actual porosity is calculated 
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Column Experiments

NH, C|

Calcite is quantified at the end of the experiments
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Vorführender
Präsentationsnotizen
Column experiments with sand have been carried out at the CBE. 
The column is 60 cm long. Biofilms are grown in the column, and then urea and calcium is injected which leads to precipitation. 
At the end of the experiment (between 2 and 6 weeks), the column is taken apart and the amount of calcite is quantified.
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Yolume Fracton

0186

014

012

0

0.0g

0.08

0.04

0.02

Column Experiment 2

I I I I
DUMLIK-Calcite

— — — DUMLIX-Bicfilm
MUFTE-Calcite
— — — MUFTE-Bidfilm

#  Experiment-Calcite [

*-

University of Stuttgart

(MUFTE-distributions and
Experimental data from
Ebigbo et. al., WRR 2012)

IWS, Department of Hydromechanics and Modelling of Hydrosystems % |.H2


Vorführender
Präsentationsnotizen
The model has been compared the column experiment results and the model from Anozie (Ebigbo et. al.,  WRR 2012) 

 t = 36 days (column 2).
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Future work: Large rock core experimentc

* The fully implicit model

— Is computationally too
expensive

— and sensitive to
boundary conditions or
the inclusion of the high
permeability region =
fracture

->New concept:
Decoupling flow and transport calculation to get
rid of those constraints
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Vorführender
Präsentationsnotizen
The fully implicit model is computationally too expensive 

It takes up to 5 times the simulated time, depending on the grid, BC ... (this piece of cake grid already has roughly 600 vertices

Additionally, it is sensitive to the boundary conditions and the inclusion of the high permeability fracture zone 
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Future Test case: High-Pressure Experiments™

DOE FOA 250

“Innovative Technologies in
Geologic Carbon Sequestration”

Center for Biofilm Engineering
Montana State University
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Vorführender
Präsentationsnotizen
Those experiments will be used to calibrate the 2p water-co2 model.
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Outline

e Motivation

 Model concept
 Numerical implementation
e Simulation results

e Final remarks
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Relevant Processes

 Two-phase multi-
component transport

 Biomass
o growth / decay

e attachment/

- - detachment
“calcite precipitate

* Urea hydrolysis

« Precipitation / dissolution
of calcite

* Clogging 1
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Vorführender
Präsentationsnotizen
A schematic figure which shows the different phases and
 important processes which need to be accounted for by the model.
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Sources & sinks: Biomass

Suspended biomass: ¢° = rlg — 7y —ra+ra
Biofilm: qf = 7“2 — T(fic +Ta —Td
Growth term: fr%) = upS,C"

Tg — :u¢f‘Qf

Csubstrate COQ

Growth coefficient: = k,Y Al : d

2 7 Koibotrate + Csvubstrate K()2 4+ CVCV)Q
Decay term: rb = bPpS,CP

r (fic = bf¢f@f
Attachment term: r, = kaqﬁswCVt?,
Detachment term: ra = kaoros
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b

b b

qg° = r§ — Ty —Tat+Td

qf — Tg—be+Ta—Td
Growth term: 'r; = upS,CP

Tg — #’éf@f

.. Cs Ce
Growth coefficient: p = k.Y 2. x
K. +C; Ke.+Cg

Decay term: ’.r'lt; — bPyS,CP

ry = bioxer
Attachment term: r, = kangwcg
Detachment term: rq = kqoso¢
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Sources / Sinks: Solutes
] b f

Substrate: ¢ = —(rg+rg)/Y
Electron acceptor: ¢ = —(rg+rl)-(R/Y)
Urea: e = f(Ch, pH, C2)
Ammonium/ammonia: ¢ = f(q")
Calcium: ¢ = rgiss—T prec

—> Calcite: e =  Tprec — Tdiss
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Vorführender
Präsentationsnotizen
The most important source term are those of urea and calcite.
Qu is a function of the concentrations of urea, ammonium and the pH.
The source term of calcite depends on the dissolution and precipitation rate. 
Both will be shown in detail on the next slides.
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