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Program Goal No. 4

 Develop Best Practice Manuals for monitoring, verification, accounting, and assessment; 

site screening, selection and initial characterization; public outreach; well management 

activities; and risk analysis and simulation. 

Benefit Statement

 An understanding of hydro-mechanical interactions is essential for effective monitoring 

and management of reservoir performance.

 This project seeks to develop:

 An open source toolkit to support dynamic well-test analysis using multi-rate / multi-

well gauge data

 Active pressure management strategies using pre-production and co-production of 

brine



FY16-17 Task Status

① Statoil data transfer & pre-processing

② Active pressure management study

③ Pressure toolkit development

Team

 Joshua White -- geomechanics and reservoir engineering

 Thomas Buscheck -- hydrogeology and reservoir engineering

Complete

25%

25%

Performance Period

May 2016 to April 2019



The Snøhvit CO2 Storage Project

[Spencer et al. 2008; Chiaramonte et al. 2014]



Snøhvit CO2 Storage Project

Figure: N-S vertical cross section through stratigraphy

Injection well

Gas reservoir

 2008 to 2011: ~1 Mtpa injection into Tubåen Formation

 2011: Well re-completion

 2011 to present: ~1 Mtpa into Stø Formation



Getting CO2 into the Tubåen Fm. was harder than expected
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(Hansen et al. 2012)

4D difference amplitude map, 2003-2009, lower perforation.

Depositional environment controls pressure behavior

South bounding fault

North bounding fault

Injection well

• CO2 and pressure confined to narrow sand channels, with limited connectivity 

between channels



Snøhvit experience highlights questions faced by all carbon 

storage projects:

① How can operators identify (and understand) reservoir properties and structure 

as quickly as possible?

② What mix of monitoring and characterization techniques provides the best 

information while still being cost effective?

③ How can operators forecast reservoir behavior to make informed and timely 

decisions?

④ What engineering solutions are available to maximize storage and manage 

integrity risks?



Part 1. Active Reservoir Pressure Management



Active Reservoir Pressure Management



Tubåen brine pre-production case study



We have published an EES paper on Tubåen injection.  We 

are working on a similar analysis of the Stø injection.



Part 2. Pressure Analysis Toolkit 



Complementary techniques are required to adequately monitor 

and understand subsurface behavior



Pressure measurements can provide “3D” data.  They are just 

challenging to interpret.

sealing fault / flow barrier

injector

pressure signal

N

E

• Falloff testing (and other welltests) commonly used to probe reservoir properties 

and structure away from the well.



(Hansen et al. 2012)

• Welltest model suggests flow barriers at 110, 110, and 3000m

6 Author name / Energy Procedia 00 (2011) 000–000 

properties near the well were modeled using log and core data while these properties were scaled away 

from the well to match to the observed data. 

In addition to the faults clearly visible from baseline data, some possible barriers in the vicinity of the 

injector came into focus after studying post injection 4D seismic. The flow barriers depict the simulated 

bottom-hole pressure versus measured data for the best match scenario that includes the modification 

mentioned above. The mismatch seen in 2008, between measured bottom-hole pressures (points) and 

solid line (model) is due to near well-bore salt precipitation and reduced injectivity in the well. This was 

eventually solved by MEG injection. The match to seismic data is also acceptable for most layers.  

The dynamic model match indicates; lower than expected permeability for all Tubåen layers, lack of 

vertical communication in Tubåen, no communication across major faults, and possible extra barriers near 

the well. Consequently, dynamic simulation results are in general agreement with other observations 

indicating that F-2H is injecting inside a compartment with acceptable reservoir properties but with 

reduced communication to the rest of the reservoir system. However, other geological models and 

concepts may also match the pressure time series, Figure 3. 
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Figure 3 Best match between measured bottom-hole (crosses) and modeled pressure. Timing of the acquired seismic 4D surveys are 

indicated, as well as the estimated reservoir formation fracture pressure. b) Log-log plot of (2011 PLT and 2009 FO) gas pseudo 

pressure with corresponding derivative. Models shown as solid line, measured data as points. 

 

6. Fall-off analysis 

Injection tests and fall-off (FO) analysis are good tools to investigate reservoir properties, both near the 

wellbore and at larger scale. On a regular basis, the well has been shut in for only a few minutes, to 

estimate the reservoir pressure and evaluate potential skin development. These tests have been made short 

to neglect temperature effects and are used to establish the reservoir pressure based on the installed 

gauges in the well. The estimated reservoir pressures are shown in Figure 3, and were subsequently 

confirmed by pressures measured by the PLT in 2011 within a few bars. The start of the new LNG plant 

at Melkøya had initial production challenges, and some caused shut-down of the full production facility, 

including the CO2 injection. In particular, the 3 months shut-down in 2009 has been interesting and will 

be discussed in detail. In April 2011 a PLT was run in the injector well, including a FO with for the first 

time a pressure gauge at the perforations during the FO. 

Figure 3b shows the log-log pressure series from the FO in 2009 (down-hole pressure gauge) and 

during the PLT (sand face pressure gauge) in 2011. The shallow location of the down-hole pressure gauge 

4D

Fracture pressure

4D 4D

PLT 2011 Fall-off
Aug 2009 Fall-off 

Figure: Falloff analyses using permanent gauge (2009) and PLT data (2011).

Statoil falloff analysis shows clear indications of flow barriers



Falloff testing has proven value, but requires shutting in the 

well for significant periods

• Motivating question:  Could we derive the same information from ongoing 

injection data, without shutting in for long periods?



Generalized superposition welltest method

• We use a superposition 

principle to transform a multi-

rate injection into an 

equivalent single-rate test.

• Equivalent buildup/falloff 

curve can then be analyzed 

using standard welltest

methods

p(t) = q × pC(t)

p(t) = (
i

å qi+1 - qi ) × pC (t - ti )

Single rate:

Multi-rate:



Generalized superposition welltest method
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Automatic calibration to Snøhvit data (~5 seconds)
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Tool can potentially be used in two modes:

① Reservoir characterization mode

 Calibrate to gauge data, extract equivalent falloff test

 Apply standard welltest analysis techniques to results

② Pressure forecasting mode

 Calibrate to gauge data, project forward in time

 Quickly explore alternative injection scenarios



Fast-running pressure forecasting
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Fast-running pressure forecasting
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Fast-running pressure forecasting
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Fast-running pressure forecasting
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Fast-running pressure forecasting
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Fast-running pressure forecasting
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Accomplishments to date

We have demonstrated the utility of several techniques

① Pre-production of brine as an alternative to co-production in an active 

pressure management scheme.

② Dynamic welltest analysis, in which ongoing injection data is used to 

probe reservoir properties without shutting in the well.



Future plans

① Implementing pressure analysis algorithms in an open-source toolkit, freely 

available to interested parties.

 Also including multi-well analyses, to look at pressure & poroelastic

interactions between wells.

② Testing the effectivness of pressure management in “open” reservoirs where 

fluid recharge may impact drawdown effectiveness.



Synergistic Opportunities

We are always looking for opportunities to partner with industrial operations.

Goal is always to provide a two-way benefit:

① We validate our tools on real field data, and ensure they are relevant for high-

priority operational decisions.

② We provide back novel analyses and insights useful for an operator.
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Project Timeline for FEW0191

Planned Planned Actual Actual

Start End Start End

Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9 Q10 Q11 Q12 Date Date Date Date

1.1

Calibrate Reactive Transport 

Model x 1-Oct-14 30-Mar-15

1.2

 Calibrate NMR Permeability 

Estimates x 1-Oct-14 30-Mar-15

1.3

Scale Reactive Transport 

Simulations from the core to 

reservoir scale x 1-Jul-15 28-Feb-17

1.4

Write topical report on CO2 

storage potential in carbonate 

rocks x 1-Dec-16 30-Sep-17

2.1

Algorithm development and 

testing x 1-Oct-14 30-Sep-15

2.2

Array design and monitoring 

recommendations x 1-Oct-15 30-Sep-16

2.3

Toolset usability and 

deployment x 1-Oct-16 30-Sep-17

3.1

Analysis of  monitoring and 

characterization data available 

from the In Salah Carbon 

Sequestration Project x 1-Dec-14 30-Sep-15

3.2 Wellbore model development x 1-Oct-14 30-Sep-15

3.3

Analysis of the full-scale 

wellbore integrity 

experiments x 1-Mar-14 28-Feb-17

3.4

Refining simulation tools for 

sharing with industrial 

partners x 1-Oct-16 30-Sep-17

4.1

Engage with industrial 

partnerships x 1-Oct-14 28-Feb-15

Future tasks pending discussions with 

industrial partners

4.2

Develop work scope with 

industrial partners x 1-Mar-14 30-Sep-15

* No fewer than two (2) milestones shall be identified per calendar year per task  

Comment (notes, explanation of deviation 

from plan)
Task Milestone Description*

Project Duration       Start :  Oct 1, 2014                    E nd: Sept 30, 2017          

Project Year (PY) 1 PY 2 PY 3
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