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What is microbially induced calcite precipitation (MICP)?

Microbes change the
chemistry in a way that
promotes the precipitation
of calcite.
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What is microbially induced calcite precipitation (MICP)?

Microbes change the
chemistry in a way that

promotes the precipitation
of calcite.
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Why investigate MICP?
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e In the context of this presentation
7 § T mainly:
,ﬁf.ﬁ%% =G wellbore integrity remediation in
e gas storage, oil production,
Stabilization Suppression Remediation hydraulic fracking

from Phillips et al. 2013

Engineered applications of ureolytic
biomineralization: A review.
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Introduction and motivation

Model concept
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Application of (MICP and) the model at field scale

Investigation of efficient solution strategies

e Summary
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Model concept: Relevant processes

water
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Model concept: Relevant processes

water s solute
= \ suspended - .
biomass 2
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suspended .
biomass
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« Biomass (S. pasteurir)
« growth / decay
« attachment / detachment
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* Urea hydrolysis

= 2NH, + H,CO,

ammonia carbonic acid
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Model concept: Ureolysis and other reactions

The bacterium Sporosarcina pasteurii produces the enzyme urease.

CO(NH,), + 2 H,0 2% 5 NH, + H,CO,

ureolysis
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H,CO; «+— HCO; + H™

dissociation of carbonic acid

HCO; «— COZ™ + HF

dissociation of bicarbonate ion

2NH, +— 2NH; +2H™

dissociation of ammonia

Ca®" + COs~ «— CaCO,}

calcite precipitation/dissolution
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* Precipitation and
dissolution of calcite

07" +— CaCO, |

onate calcite
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calcite
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N [ — water

; — solute

2 suspended \
2 biomass

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

averaging
Pore scale > REV scale
@ International Research I
.o.o. Training Group ynglgu%




Institute for Modelling Hydraulic and Environmental Systems

Dept. of Hydromechanics and Modelling of Hydrosystems University of Stuttgart

Germany

Mass balance equations

Mass balance equation for components in both phases:

Z % (qﬁpaazgSa) +V- (,Oaxgva) -V (paDZ,pmvxg) =q"
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87
k € {water, Ciot, O2}; a € {w, n}
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Mass balance equations

Mass balance equation for components in both phases:

Z ot (Qb,Oa K&S ) + V- (Pagia) - V- (paDm,pmvxg) = qm

k € {water, Ciot, O2}; a € {w, n}

Mass balance equation of components exclusively in the water phase:

% (gbpwangSW) + V- (IOWIGVVW) — V- (,OW W pmvm ) = q"

k € {Na, Cl, Ca, susp. biomass, substrate, urea, NHyq }

International Research

/A MONTANA
® ‘ . STATE UNIVERSITY
= NUPUS

B center for Biofilm
Engineering




Institute for Modelling Hydraulic and Environmental Systems

www.hydrosys.uni-stuttgart.de

@

e ¢, Training Group

Dept. of Hydromechanics and Modelling of Hydrosystems

University of Stuttgart

Germany

Mass balance equations

Mass balance equation for components in both phases:

> i (#paziSa) + V- (PaiVa) = V- (paDf pm Vag) = ¢"

k € {water, Ciot, O2}; a € {w, n}

Mass balance equation of components exclusively in the water phase:

% (Qb,OWZBS’VSW) + V- (pwx;{vvw) — V- (pW W pmvm ) = q"

k € {Na, Cl, Ca, susp. biomass, substrate, urea, NHyq }

Mass balance for the immobile components / solid phases:

& (p)\¢)\) = q>‘ A € {biofilm, calcite}
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Sources & sinks: Solutes and Calcite

S Urea: g = —Turea
t .
S Total nitrogen: gNHeot = 2
7
g . . Ca2+
(g; C&].Clum. q — TdiSS - [rprecip
(72}
= Total carbon: thOt Turea T Tdiss — Tprecip
= 4. C _
g Calcite: ¢° = Tprecip — Tdiss
. substrate _ . blO biofilm .
Substrate: q = Vorowth T Tarowth ) / Y t€ld
. O _ . blo biofilm \ . :
Oxygen: q = Torowth T Terawth ) * 0-5/Yield
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Sources & sinks: Solutes and Calcite

ureca

g UI’ea: q — —Turea
S Total nitrogen: gNHeot = 2p
7
= 24
. . C
(Z C&].Clum. q a —_— TdiSS - /rprecip
(0]
2 Total carbon: qCtot Turea 1 Tdiss — Tprecip
> .
g Calcite: ¢ = T'precip — Tdiss
. substrate _ blO biofilm .
Substrate: q = — | Torowth T Tarawtn ) / Y i€ld
. O _ blo biofilm ) . :
Oxygen: q = Torowth T Terawth ) * 0-5/Yield
, NH}
Ureolysis rate Taurea = [ (gbbloﬁlm, pH, C°%; Cy )
Co . Ca’T][COZ™
Precipitation rate T'precip — ( interface; §1 = L I]<[Sp . ])
[Ca?T][CO27]
ntel,-ﬁgg,l tels(e?arrlc rate T"diss = ( interface (2 = Kep : » P \
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Sources & sinks: Biomass

: . bio _ bio bio blO bio
SUSp. biomass: q T Tgrowth rdecay Tattach + T detach
: . biofilm _ biofilm bloﬁlm biofilm __ ,.biofilm
Biofilm: q _ Tgrowth decay + Tattach T detach
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Sources & sinks: Biomass

& : . bio _ bio bio blO bio
% SU_Sp. biomass: q —  Tgrowth — Tdecay — Tattach + Tdetach
(@]
5
7 : . biofilm _ biofilm bloﬁlm biofilm __ ,.biofilm
2 Biofilm: q _ 7agrowth decay + Tattach T detach
>
%
>
S
©
> . .
g Growth: pblo . = pu-¢S,Che
iofil __
Tgrowth = M @biofilm Pbiofilm
Csubstrate COQ
M — ,umax . KsubstratecsvubStrate . KO2WCV(32

Decay: Tgé%a, — b1o ¢S Cbm kblO — f(pH)

deca decay
74b10ﬁlm _ bloﬁ},m QS _ _ . kbioﬁlm _ f(?“ ] )
decay - decay blOﬁlmpblOﬁlm 9 decay - precip
. _ bi
Attachment: Tattach — (Ca 1¢bioﬁ1m + Ca, 1) ’ ¢SWCWIO
0. 58 iofilm
Detachment: T'detach — (Cd 1 (‘VPW’¢S ) /quoqsf;j;lcite) ) ¢bioﬁ1mpbioﬁlm
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Model concept
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Application of (MICP and) the model at field scale

Investigation of efficient solution strategies

e Summary
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Field-scale applications of MICP

Main characteristics of field-scale applications of MICP:

« EXpensive

« Limited site-specific information

www.hydrosys.uni-stuttgart.de

« Limited possibilities for measurements and surveillance due the depth and
the restricted access only through the well used for the application

« Limited experience with field-scale applications of MICP
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Field-scale modeling

Modeling used to give estimate answers to design questions such as:

How much reactants (urea, calcium, cells) are necessary?
What is the best injection strategy?
What is the time necessary for sealing?

And also post-application question such as:

« What happened underground during the MICP application?
« What is the expected behavior in the future?
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Field-scale applications of MICP

Concrete — S~
Casing

Tubing

Sandstone

Bailer

Packer

Annular Volume
2-7fy x 9-%; 40#H
2.85 Gal/Ft
TBG Volume
0.243 Gal/Ft

Note: Not drawn
to scale
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Neumann boundary
|
Annular Volume
2-7fs X 9-% 40# /

2.85 Gal/ft Neumann boundary

| TBG Volume

" 0.243 Gal/fFt |
Note: Not drawn
to scale £ ||
Bailer
P~ '

Dirichlet boundary
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Sandfto:le pl
\.T_—::—?;-—: ”= _;S_Tac—w r 1.83e+06-
1099 T — — ET.B29+6
= /\/Perforated pipe in zone of fra-ctLF §
Hinh : Injection fiaem
BREE —373%5
Peggy Dirckx, MSU injection E'm‘*é
S 1.75e+06-
Neumann boundary
First challenge:
Use the limited information to set up a simplified but still realistic simulation
domain.
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Field-scale modeling I

Dirichlet boundary
Neumann boundary

\

Injection

e

1.83e+06-

1.82e+6

« 2 simulation domains:
« small
* large

Bet+b

small

T8e+é

www.hydrosys.uni-stuttgart.de

et 1.76e+6
Injection

—_—

m“rmbumulhnlﬁm o

1.75e+06 -

Neumann boundary

« 3 different injection strategies:
« simple: few but long injections

* ideal: many short injections, proved to be the ,best" injection strategy
 real: the actual injection strategy from the field test
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Field-scale modeling: Results

Biofilm Calcite

Biofilm volume fraction Cdlcite volume fraction
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Exemplary results for the ideal scenario on the small domain.
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Field-scale modeling: Results
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Field-scale modeling: Results

The ideal injection strategy
predicted plugging after 24
Calcium rich injections,

www.hydrosys.uni-stuttgart.de

25 were done in the field.

The real injection strategy was
slightly less efficient.
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Field-scale modeling: Results and outlook

The uncertainties in the subsurface properties and the geometry require a
statistical analysis of the results for a huge range of scenarios.

www.hydrosys.uni-stuttgart.de

ot Injection | Simulation time [h] | Simulation time [h]
strategy | small domain large domain
Simple 1.3 96.8
|deal 1.0 26.1
Real 93.5 38.6

Simulation times of up to a few days limit the simulations to few scenarios

- Need for more efficient solution strategies
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Introduction and motivation

Model concept
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Application of (MICP and) the model at field scale

Investigation of efficient solution strategies

e Summary
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Efficient solution strategies

Strategies:
* Model simplifications:

errors. The model does not need to be more accurate.

- Remove model complexity, especially if it is relevant for the model
performance.

www.hydrosys.uni-stuttgart.de

@ International Research

For realistic applications, the input parameter uncertainty leads to large
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Efficient solution strategies

Strategies:
* Model simplifications:

errors. The model does not need to be more accurate.

- Remove model complexity, especially if it is relevant for the model
performance.

www.hydrosys.uni-stuttgart.de

« Optimize the choice of numerical parameters such as:

« The convergence criteria for Newton or linear solvers;
 The maximum time step size.
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Efficient solution strategies

Strategies:
* Model simplifications:

errors. The model does not need to be more accurate.

- Remove model complexity, especially if it is relevant for the model
performance.

www.hydrosys.uni-stuttgart.de

« Optimize the choice of numerical parameters such as:

« The convergence criteria for Newton or linear solvers;
 The maximum time step size.

« More sophisticated numerical solution schemes:
« The full model is solved in a more efficient way.
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Efficient solution strategies

Strategies:
* Model simplifications:

For realistic applications, the input parameter uncertainty leads to large
errors. The model does not need to be more accurate.

- Remove model complexity, especially if it is relevant for the model
performance.

www.hydrosys.uni-stuttgart.de

— see the poster 18 (GRS)

or 67 (GRC, Wednesday)
Optimize the choice of numerical parameters such as:

« The convergence criteria for Newton or linear solvers;
 The maximum time step size.

umerical s
el Is solved in a mo‘re‘é‘l‘frcren-t-wagg
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Efficient solution strategies: Simplified models

Model simplifications investigated:

* Full complexity model (FC)
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Efficient solution strategies: Simplified models

Model simplifications investigated:

* Full complexity model (FC)

Initial biofilm model (IB): Neglecting suspended biomass and assuming an
initial biofilm distribution = 11/12 of the unknowns of FC

www.hydrosys.uni-stuttgart.de
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Efficient solution strategies: Simplified models

Model simplifications investigated:

* Full complexity model (FC)

University of Stuttgart

Germany

 Initial biofilm model (IB): Neglecting suspended biomass and assuming an

initial biofilm distribution - 11/12 of the unknowns of FC

« Simple chemistry model (SC): Neglecting all complex chemical calculations

such as activities and assuming 7prec = Turea
—> less non-linearity, faster convergence
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Efficient solution strategies: Simplified models

Model simplifications investigated:
* Full complexity model (FC)

 Initial biofilm model (IB): Neglecting suspended biomass and assuming an
initial biofilm distribution > 11/12 of the unknowns of FC

« Simple chemistry model (SC): Neglecting all complex chemical calculations
such as activities and assuming 7prec = Turea
—> less non-linearity, faster convergence

Setup ____________[FCN10° 1B N10° [SCN10°

www.hydrosys.uni-stuttgart.de

Computational time [s] 32110 28089 5758
Newton iterations 4971 5053 1094
Linear solver iter./ Newton iteration 15.15 14.91 14.90
Error (¢pc calcite) * 0.0025 0.0040 0.0070
* Error: \/E?gfes (¢c,i - ch,ref,q;)2
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Efficient solution strategies: Simplified models

Model simplifications investigated:
* Full complexity model (FC)

 Initial biofilm model (IB): Neglecting suspended biomass and assuming an
initial biofilm distribution > 11/12 of the unknowns of FC

« Simple chemistry model (SC): Neglecting all complex chemical calculations
such as activities and assuming 7prec = Turea
—> less non-linearity, faster convergence

Setwp _____[FCN0° B NI0° |

Computational time [s] 32110 28089 5758
Newton iterations 4971 5053 1094
Linear solver iter./ Newton iteration 15.15 14.91 14.90
Error (¢pc calcite) * 0.0025 0.0040 0.0070
* Error: \/E?Sfes (¢c,i - ¢C,ref,i)2
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Efficient solution strategies: Simplified models
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Outline

Introduction and motivation

Model concept
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Application of (MICP and) the model at field scale

Investigation of efficient solution strategies - see the poster

« Summary
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Summary

* The developed model for MICP is very complex
« MICP and the model can be successfully applied at field scale

« The full complexity model is too time consuming for field-scale simulations

www.hydrosys.uni-stuttgart.de

« Model simplification is useful to reduce the computational time.
« Especially, if non-linear couplings are reduced
* |t can be used as a “process sensitivity analysis”

« But each simplification may only be valid for a certain set of initial and
boundary conditions

« > see the poster 18 (GRS) or 67 (GRC, Wednesday)

« Relaxing the convergence criterion of the Newton solver can also be a “first
aid” choice to reduce computational time
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Thank you for your attention!
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All simulations were
done using

/\M
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