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1. Introduction
Underground energy storage is the main option for large scale energy storage,
apart from pumped-hydro.
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Modeling challenges:
large domains and limited data,
locally complex processes,
dynamic boundary conditions.

Here, we present a coupled model that applies:
a full-dimensional model in regions of higher complexity and where the ver-
tical equilibrium assumption does not hold;
a vertical equilibrium model in the rest of the domain.

2. Existing Models
2.1 Full-dimensional model:

Mass balance equation:
∂
∂t(%αφsα) +∇ · (%αuα) = %αψ

α,

Darcy’s law:
uα = −kkrα

µα
(∇pα − %αg),

with wetting/non-wetting phase α, saturation s,
pressure p, density %α, porosity φ, permeability
tensor k , relative permeability krα viscosity µα,
sink/source ψα.

Full-dimensional saturation

2.2 Vertical equilibrium model:
Mass balance equation: ∂

∂t(%αΦSα) +∇q · (%αUα) = %αΨα,

Darcy’s law: Uα = −KΛα(∇qPα − %αG),
with vertically integrated variables and reference pressure.

Reconstruction of solution in vertical direction

3. Model Coupling

Dupuit reconstruction 

of pressure for ghost cells
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VE2D/3D Boundary between subdomains
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Coupling concept

Discretized mass balance equation
(Finite Volume Method):∑

j qtot ,ij =
∑

j vtot ,ijqij = qtot ,i,
with source/sink qtot ,i.
Total velocity from VE-cell i to 2D
cell j:
vtot ,ij = −kλtot

(
pwj−p∗wi

∆x + fn
pcj−p∗ci

∆x

)
.

Reconstructed pressures in VE
ghost cells:
p∗wi = Pwi − %wgz,
p∗ci = pc(Sw).
Calculation of secondary variables
in VE ghost cells:
Total mobility λtot = λw + λn and
fractional flow function fn = λn/λtot

based on averaged saturation in
ghost cell saturation s̄∗w .

IMPES-algorithm: saturation Sw in VE-cell, reconstructed saturation s∗w and
saturation in ghost cell s̄∗w based on old time step.

4. Criterion for VE Applicability

Local criterion to quantify conformity of the full-dimensional solution with the
vertical equilibrium assumption.
Calculated as the area between profiles (saturation or relative permeability)
over z for each column.
Full-dimensional profile determined based on simulation results, VE profile
determined based on average saturation in column.

2D local VE

Construction of VE saturation profile
Area between profiles

The criterion is normalized by the aquifer height H:

csat =

∫ H
0 |sw − s∗w |dz

H
< εS,

crelPerm =

∫ H
0 |krw − k∗rw |dz

H
< εr .

5. Results
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Brooks-Corey cap. pressure:
λ = 2.0, pe = 1 · 105 Pa
Phase properties (CH4, water):
%n = 59.2 kg/m3

%w = 991 kg/m3

µn = 1.2 · 10−5 Pa s
µw = 5.2 · 10−4 Pa s
Injection rate: Qnw = 552 t/m/a

300 m, 50 cells

30 m,

32 cells

coupled

model

2D

VE

Saturation distribution after 6 days

Influence of grid size:

6. Summary and Outlook
Summary:

A coupled model of VE and full-dimension is developed.
A criterion for applicability of the VE model is developed and tested.
The coupled model reduces computational effort significantly while main-
taining accuracy.

Outlook:
Implement adaptive boundary between model domains. Test adaptation cri-
teria.
Analysis of advantages and disadvantages of adaptive concept.
Include hysteresis in the model.
Test concept for field scale case of underground energy storage.
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