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Modeling Heterogeneous and Homogeneous Geopressured Geothermal Reservoirs

GEOPRESSURED GEOTHERMAL RESOURCE DEFINITION

Geopressure Definition!

e Greater than hydrostatic
* Freshwater/Brackish —9.79 kPa/m
e Salt Water -10.51 kPa/m

e Soft Geopressure :
* Hydrostatic to 15.83 kPa/m 1.55 !

* Hard Geopressure
« 15.83 kPa/m- 22.61 kPa/m (lithostatic pressure gradient)

Geothermal

* Temperature >212°F (100°C)

* DOE Criteria for Design Wells drilled in 1979
» Temperature > 275°F (135°C)

Y(Loucks et al. 1981)
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Modeling Heterogeneous and Homogeneous Geopressured Geothermal Reservoirs

INTRODUCTION

Motivation: Determine sensitivity of flow rate of hot geothermal fluid and methane to
level of geologic detail included in the reservoir model

1. Heterogeneous reservoir model 2. Homogeneous reservoir model
Goal: Detailed reservoir model Goal: Reservoir model based on
based on well data simplification of well data

Upper and lower shale layers

e Multiple sand and shale layers
P Y Single sandstone layer with net

* Net to gross ratio for two different sandstone thickness
porosity cutoffs and five shale
content cutoffs

* Unigue permeability and porosity
values Two types of homogenous models:

« Homogeneous reservoir model with
shallow sandstone

* Homogeneous reservoir model with
deep sandstone

Weighted harmonic mean
permeability

* (Gas saturation measurements
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Modeling Heterogeneous and Homogeneous Geopressured Geothermal Reservoirs

METHODOLOGY

TOUGH2 Reservoir Simulator (LBNL & UC Berkeley) 23
* Multiphase flow in porous media

* Equation of state for water, salt, and gas: H,0, NaCl, CH,

* Incorporates: capillary pressure, relative permeability, and pore
compressibility

Reservoir modeling steps:

1. Develop conceptual reservoir model (upper and lower no flow
boundaries)

2. Determine model structure

* 3D square grid
* Increase grid cell resolution and density near well locations

3. Add layer properties
4. Calibrate natural state of model
e Run for 100 years without production
5. Simulate 30 years of reservoir production with single well

2(Pruess et al. 1999); 3(Battistelli et al. 1997)
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Modeling Heterogeneous and Homogeneous Geopressured Geothermal Reservoirs

HETEROGENEOUS VS. HOMOGENEOUS RESERVOIR MODELING

We considered a heterogeneous case and two homogeneous cases that reflect
reasonable simplifications.

Reservoir 1: Heterogeneous

| Sandstone

Reservoir 2: Homogeneous-Shallow Sandstone

Reservoir 3: Homogeneous-Deep Sandstone Sandstone
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Modeling Heterogeneous and Homogeneous Geopressured Geothermal Reservoirs

HETEROGENEOUS MODEL: BASED ON WELL LOG DATA

Heterogeneous
Sand/ .. |Permeability| Thickness
Layer Shale Porosity (mD) (m)
Interval |Layer 1| Shale | 0.148 0.3 90
1 |Layer1| Sand | 0.148 14.1 60
Interval
2
Layer 4| Shale | 0.125 0.01 180
Interval |Layer 5| Shale | 0.121 0.3 60
3 |Layer5| Sand | 0.121 5.4 30
Layer 6| Shale | 0.123 0.01 90
Interval
4

NATIONAL RENEWABLE ENERGY LABORATORY 6

Depth (m)

Permeability with depth for the
heterogeneous model
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Modeling Heterogeneous and Homogeneous Geopressured Geothermal Reservoirs

HOMOGENEOUS MODELS: CONTRASTING SANDSTONE DEPTHS

Permeability with depth for

the homogeneous models

Homogeneous- Shallow Sandstone —Homogeneous Shallow

—Heterogeneous Deep

Layer Porosity (mD) (m)
Upper Shale 0.138 0.0478 3550

Interval

Sand 0.131 7.80 3650

Lower Shale 0.123 0.0139

Porosity 4050
Upper Shale 0.135 0.0161
Interval 1 Sand 0.131 7.80 4150

Lower Shale 0.123 0.0215

0.01 0.1 1 10
Permeability (mD)
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Modeling Heterogeneous and Homogeneous Geopressured Geothermal Reservoirs

RESERVOIR PROPERTIES

Stabilized Reservoir Pressure Reservoir Temperature
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Modeling Heterogeneous and Homogeneous Geopressured Geothermal Reservoirs

RESERVOIR PROPERTIES CONTINUED

Assumptions: Relative Permeability Curves
* Pore compressibility:

—krlig —Xkrgas

* 9x107° (1/Pa) 1.00
* (Unconsolidated sand) \ /
* Gas saturation: , : 0.50

0.00 \2

* 1% of the pore volume

Relative
permeability

e Salinity:
* 80,000 ppm NaCl 0 025 05 075 1
Sliq
Reservoir Distance ill
Case between Capillary Pressure Curves
volume boundaries
—Pcap Shale (kPa) ——Pcap Sand (kPa)
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Modeling Heterogeneous and Homogeneous Geopressured Geothermal Reservoirs

WELL OPERATION SCENARIOS

To understand the influence of well operation
on the production of geothermal fluid and
methane for the three different reservoir
models, three different well operation
scenarios were run: Run A, Run B, Run C.

Run A:

Pressure at top of screened section is
constant

Depth to top of screened well section

Homogeneous | Homogeneous
Heterogeneous
Shallow Deep
3,565 m 3,640 m 3,820 m
Run B:

Pressure at the wellhead is constant

Run C:
Initial pressure differential between the well
and the reservoir is constant
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Pressure at top of screened section

Homogeneous | Homogeneous
Run | Heterogeneous
Shallow Deep
A 40 MPa 40 MPa 40 MPa
B 40 MPa s08vra Y

40 MPa 44.2 MPa
Pressure at the top of the well
Run | Heterogeneous Homogeneous | Homogeneous
Shallow Deep
A 3.0 MPa 2.2 MPa 0.4 MPa
B 3.0 MPa s.ovra [
2.2 MPa 4.6 MPa

Initial pressure differential between well and reservoir

Homogeneous | Homogeneous
Run | Heterogeneous
Shallow Deep
A 15.6 MPa 16.9 MPa 21.1 MPa
B | 15.6MPa 16.1vPa




Modeling Heterogeneous and Homogeneous Geopressured Geothermal Reservoirs

PRESSURE RESULTS: CASE 1 (V=18KM3) - RUN A

Run A: Pressure at top of screened well section for all models = 40 MPa (5802 psi)

Total flow rate
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Due to difference in depth to top of screened well section, the flow rate varies
significantly between the reservoir models for Run A
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Modeling Heterogeneous and Homogeneous Geopressured Geothermal Reservoirs

PRESSURE RESULTS: CASE 1 (V=18KM3)- RUN B AND RUN C

Run B:
Wellhead pressure = 3 MPa (435 psi)

Run C:

Initial pressure differential =16.9 MPa (2451 psi)

Run A & Run B: Difference
between Heterogeneous and
Homogeneous Shallow

Run C-Total flow rate
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There are larger differences in flow rate due to the higher pressure in the well in
Homogeneous Shallow for Run B. The flow rates are not dependent on depth if

initial pressure differential is equal for Run C.
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Modeling Heterogeneous and Homogeneous Geopressured Geothermal Reservoirs

RESULTS: INFLUENCE OF VOLUME ON TOTAL FLOW RATE

Run A: Pressure at top of screened well section for all models = 40 MPa (5802 psi)
Case 1: V=18 km3 | Case 2: V=36 km3 | Case 3: V=72 km3

Heterogeneous: Homogeneous Shallow:
Total flow rate Total flow rate
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The reservoir volume has a greater impact on the total flow rate for the Homogeneous
Shallow model than it does for the Heterogeneous model.
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Modeling Heterogeneous and Homogeneous Geopressured Geothermal Reservoirs

VOLUME RESULTS: INFLUENCE OF VOLUME ON GASEOUS FLOW RATE

Run A: Pressure at top of screened well section for all models = 40 MPa (5802 psi)
Case 1: V=18 km3 | Case 2: V=36 km3 | Case 3: V=72 km?3

Heterogeneous: Homogeneous Shallow:
Gaseous flow rate Gaseous flow rate
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The reservoir volume has a large impact on the gaseous methane flow rate.
The gaseous methane flow rate is much higher in the Heterogeneous model.
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Modeling Heterogeneous and Homogeneous Geopressured Geothermal Reservoirs

RESERVOIR PRESSURE ANALYSIS: CASE 1 (V=18KM?3)- RUN A

Homogeneous Shallow (HS) and Heterogeneous: Reservoir
Heterogeneous: Reservoir pressure with depth at end time
pressure with depth at well away from well
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Similar minimum pressure at end time

The reservoir pressure drops over a larger reservoir interval in the Heterogeneous model.
The pressure drop in the shale is lower and close to initial at a distance of more than 500 m.
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Modeling Heterogeneous and Homogeneous Geopressured Geothermal Reservoirs

SUMMARY RESULTS: TOTAL AND METHANE FLOW RATE

Run A- Case 1: Heterogeneous:
Methane flow rate
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Small differences in gaseous methane flow
rate do not lead to significant differences in
total methane recovered because the
majority of methane is produced in

aqueous phase.
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Run A- Homogeneous Shallow

Average | Total heat |Total methane
flow rate | recovered recovered
(kg/s) (J) (BCF)
Case 1 41.4 1.18x1016 11.5
Case 2 43.5 1.23x10%6 12.2
Case 3 44.3 1.24x1016 12.5
Average | Total heat |Total methane
flow rate | recovered recovered
(kg/s) (J) (BCF)
Case 1l 53.7 1.56x1016 16.4
Case 2 55.1 1.59x1016 16.9
Case 3 55.6 1.59x1016 17.0




Modeling Heterogeneous and Homogeneous Geopressured Geothermal Reservoirs

CONCLUSIONS (1)

1.

Simplifying a detailed model by combining four sandstone layers into
one net sandstone layer influences results

Flow Rate: Higher total flow rate for Heterogeneous model for all cases

Pressure: Larger pressure drop throughout majority of reservoir interval for
Heterogeneous model

Pressure difference between well and reservoir influences results

Run A: equal pressure at top of screened portion- leads to large spread in total
and gaseous methane flow rates

Run B: equal well head pressure- leads to a larger difference in total flow
between the Heterogeneous and Homogeneous Shallow

Run C: equal pressure differential- no significant difference between
Homogeneous Shallow and Homogeneous Deep

- Placing the sandstone interval deeper by 180 m does not influence total flow
rate if initial pressure differential between the well and reservoir is the same
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Modeling Heterogeneous and Homogeneous Geopressured Geothermal Reservoirs

CONCLUSIONS (2)

3. Reservoir volume which correlates with distance to reservoir boundary
influences results for both the Heterogeneous and Homogeneous
models

e Larger reservoir volumes lead to greater total and gaseous flow rates
» Difference is evident after 5 years of production
e Greater impact evident in gaseous flow rate than total flow rate

4. For all cases, methane and heat produced is quite large

Total Heat: 1.18 x101®J to 1.59x1016}
* The heat recovered scales with total flow rate

Total Methane: 11.5 BCF to 17.0 BCF
* The majority of methane produced is in aqueous phase
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Modeling Heterogeneous and Homogeneous Geopressured Geothermal Reservoirs

This work was funded by the Department of Energy Geothermal Technologies Program.
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