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Content

● Introduction: radioactive waste disposal

● COMSOL use: coupling with geochemical code PHREEQC

● Two example problems with numerical challenges:

○ Multiphase flow with equilibrium chemical reactions, benchmark solved 

by 5 teams, 4 different numerical software

○ Single-component transport with kinetic precipitation, analytical solution 

and 2 numerical solutions 
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Deep geological repository of spent nuclear fuel

● Final disposal, 
safe isolation from biosphere up to 1 million years

● Multi-barrier concept: engineered + natural
● Safety proof: geological history, natural materials, analogues, 

laboratory experiments, underground demonstrators, 
numerical simulations

● Czech concept based on Swedish KBS-3V 
○ steel canister instead of copper
○ local bentonite deposits

● Solved problems derived from
○ Saturation of bentonite by groundwater, chemical 

interaction of pore water and gases 
(different composition in bentonite and granite)

○ Canister corrosion: inhibition of corrosion rate by 
precipitation of corrosion products (transport barrier)
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COMSOL

● iCP (“interface COMSOL-PHREEQC)
○ Developed by AMPHOS21, Spain
○ Couples COMSOL with free geochemical code (US Geological Survey)
○ Configuration made in COMSOL interactively, implements extra physics item for 

multicomponent transport
○ Text control file for couplings, runs batch in a separate window, runs COMSOL 

and PHREEQC in iterations as libraries
○ All chemical components defined by PHREEQC and transferred to COMSOL 

results file
● COMSOL reactive transport?

○ PHREEQC is linked with “thermodynamic database”, equilibrium reaction data for 
most ions and minerals, automatically makes “speciation”

● Multiphase flow
○ An example provided by iCP tutorial problems in general PDE form
○ Also approximation by Richards equation (no gas advection, diffusion in 

“remaining porosity”)
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Problem 1: benchmark for 

international cooperation 

● Presented results include the work of coauthors
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Participant Modeling tool

UDC INVERSE-FADES-CORE / F-CORE

University of Pau Reactive-DuMuX

Jilin University TOUGHREACT / TREACT

LEI ICP (COMSOL-PHREEQC)

TUL   (TU Liberec) ICP (COMSOL & PHREEQC)



Two-phase conceptual model

● Different time scale:

○ Gas phase diffusion (CO2 as component) … equilibrium with water… days

○ Liquid phase saturation (flow) … years

○ (Advection and) diffusion of dissolved components in water … years
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Prescribed configuration for benchmark

● 1D model, 
line profile through bentonite

● Defined set of species and 
reactions

● Divided to “Test cases” of 
subproblems of gradual complexity

8

r=0.45 m r=1.14 m

Pliquid=100 kPa
Pgas=100 kPa

T = 25 ºC

T = 25 ºC
qliquid=0

qgas=0

Isothermal conditions

r=0.45 m r=1.14 m

Pliquid=100 kPa
Pgas=100 kPa

T = 25 ºC

T = 100 ºC
qliquid=0

qgas=0

Non-isothermal conditions
Test case Hydration Gases

Aqueous 

species
Minerals

TC1

Tracer (Cl-)

S= from 0.6  

to 0.95 

Air

(no effects)
Tracer (Cl-) -

TC2

Gas diffusion

No

(S=0.6)

Air, CO2(g) 

diffusion

H+   CO2(aq)

CO3
-2

-

TC3

Gas diffusion 

& mineral 

diss/prec

No (as TC2)
Air, CO2(g)

– as TC2

H+  CO2(aq)

CO3
-2 Ca+2

Calcite

TC4

Hydration, 

gas & mineral

As TC1
Air, CO2(g) 

– as TC2

H+ CO2(aq)

CO3
-2 Ca+2

Calcite

TC5

Hydration, 

gas & mineral

As TC1
Air, CO2(g

– as TC2)

H+ , CO2(aq)

CO3
-2 Ca+2

SO4
-2

Calcite, 

gypsum



9



TC2 – CO2 diffusion and dissolution

● Sensitivity to numerical scheme at low concentrations

● pH is logarithmic scale
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Spatial profiles
Time evolution



TC4 discretization sensitivity

● Saturation at boundary … 3 orders of magnitude lower diffusion coefficient

● Polynomical degree in COMSOL also tested

● Local refinement at boundary prescribed same for all teams
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Finite volumes

Finite elements

First solution Analysis Final comparison



TC4 non-monotonous evolution
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TC5

● Effect of chemical 

“discontinuities”

● Two minerals, gypsum 

fully dissolved = 

qualitative change

● Higher ionic strength … 

activity coefficients
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Problem 2: simplified corrosion

● Context: detailed geochemical solution of corrosion – kinetic Fe dissolution to pore 
water, water composition determined by minerals, kinetic reactions of precipitation, 
corrosion products formation (oxides, hydroxides, carbonates)

○ Work with coauthors and partners: ÚJV Řež, FJFI ČVUT, VŠCHT
● Significant differences of iCP and PHREEQC alone (built-in 1D transport)
● Study of simplified analogue

○ Fe+2 only
○ Precipitation if above solubility,

first-order kinetics
○ Steady state (asymptotic)
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Parametric set of solutions

● Low kinetic rate … weak sink … wide precipitation zone

● High kinetic rate … strong sink … narrow precipitation zone

○ Near-singularity case, discretization sensitivity
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First simulations -

very different results

Analytical



Explanation

● Numerical methods
○ iCP: finite elements,  dual mesh for chemistry including boundary, implicit scheme for 

transport (over more elements), concentrations after operator splitting step
○ PHREEQC: finite volumes, explicit scheme for transport (stability condition, one cell in one 

time step), fixed boundary cell

16

Finite volumes

Finite elements

● Refined time steps more important 
for iCP (COMSOL)

● Precipitation divided from boundary 
in PHREEQC

Dissolved concentration Precipitated 

(not asymptotic)



Conclusions

● Two synthetic problems with numerical challenges 

● Related to real cases solved in repository barrier function and safety –

chemical evolution of bentonite during saturation and formation of corrosion 

product transport barrier

● Detailed analysis explained initially strange model behaviour

● Numerical method and discretization sensitivity can happen even for 

seemingly simple problems (but actually with a point close to a singularity)

● Time consuming simulations of reactive transport with required very small 

time steps cannot be easily avoided

○ Systematic workaround needed

● Coming work – transfer to real-case problems

17



Milan Hokr

+420 485 353 470

Milan.hokr@tul.cz

Thank you for 

your attention

Research supported by

- EU Horizon 2020 research and innovation
Program, grant No. 847593

- Radioactive Waste Reporitory Authority of the
Czech Republic (SÚRAO), contract SO2021-053


