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Outline

• How to determine residual saturation in situ

• Heletz, Israel residual trapping experiments 

• Residual saturation and critical

saturation

• Conclusions and implications

(IPCC, 2005)



Determining residual saturation in situ

1. Characterization 

tests

3.  Reference 

tests

2. Creating the 

residually trapped 

zone

First implemented in Otway, 

Australia

Paterson et al, 2013. Energy Procedia, see also

previous talk by Max Watson

Niemi, et al (2020) IJGHGC. Vol (101). 103129



Fluid injection/withdrawal,
P/T sensors, U-tube fluid 
sampling, optical fibre

Well instrumentation and injection system 

Extensive site characterization 

and instrumentation 

Niemi et al (Eds) Special Edition

IJGHGC Vol (48) 2016 
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Residual Trapping Experiment I (2016)

• Based on the difference in hydraulic and thermal test response before and after creating 

the residually trapped zone

• Zone of residually trapped CO2 was created by CO2 injection

followed by fluid withdrawal until residual state was achieved.     

Indicator  tracer and pressure profile in the injection/withdrawal well were

used to determine when the residual state was reached. 

Residual Trapping Experiment II (2017)

• Based on the difference in hydraulic test, thermal and partitioning tracer test response 

before and after creating the residually trapped zone

• Zone of residually trapped CO2 was created by CO2 injection followed by injection of  

CO2 saturated water to push  the mobile CO2 away. 

Heletz Residual Trapping Experiments 

Niemi, et al (2020) IJGHGC. Vol (101). 103129



Residual Trapping Experiment I

- Test sequence (Sept 2016)



Residual Trapping Experiment I

- Test sequence (Sept 2016)



Residual Trapping Experiment I

- Test sequence (Sept 2016)



Residual Trapping Experiment I



Downhole pressure and 

temperature (RTE I) 

Pressure Temperature

Niemi, et al (2020) IJGHGC. Vol (101). 103129



TOUGH2 simulation of the entire test 

sequence

• vary permeability, porosity, characteristic two-

phase functions (residual saturation) and thermal 

properties within the range of measured data  

• good data constrains available from site 

characterization program

• variability between 

the two layers? 

Joodaki, S. et al (2020). IJGHGC. Vol (97). 103058

Hingrl et al., IJGHGC,  2016



Model with best overall agreement

Pressure Temperature

during injection

and heating

Flow rate

• Hysteretic relative permeability

with residual trapping of 0.1,

• k=400 mD in both layers and

• reduced flow into the lower layer

Joodaki, S. et al (2020). IJGHGC. Vol (97). 103058
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Conclusions from RTE I

• hydraulic test gave a strong signal and good estimate of the overall
residual gas saturation, clear difference in signal

• temperature data provided additional information about the gas
distribution between the two reservoir layers, as did the two pressure
sensors in the test interval

• model analysis suggested that most of the injected gas tended to enter
the upper layer.

• estimated maximum residual gas saturation from the field experiment
(Sgrmax) was 0.1, lower than the core scale laboratory measurements of
about 0.2
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Residual Trapping Experiment II 

– Test Sequence (Aug – Oct 2017) 
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Residual Trapping Experiment II 

– Test Sequence (Aug – Oct 2017) 
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Residual Trapping Experiment II 

– Test Sequence (Aug – Oct 2017) 
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-

Residual Trapping Experiment II 

(Aug – Oct 2017)
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Downhole pressure and temperature (RTE II) 
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Tracer data analysis

0 50 100 150

Produced volume (m
3
)

0

0.02

0.04

0.06

0.08

0.1

T
rc

 c
o

n
c
e

n
tr

a
ti
o

n
 (
k
g
/m

3
)

Data

Base case simulation

Residual tracer test 

Reference tracer test 

• Tracer arrival without CO2 in 

agreement with the previously 

calibrated model  from RTE I

• With residual CO2 in the system, the delayed 

peak was difficult to match 

• Extensive set of simulations by varying 

formation parameters, partitioning 

coefficients, detailing the well structure and 

considering stochastic heterogeneity   
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Tracer analysis – best agreement

• Most of the CO2 enters the 

upper reservoir

• Water and tracer enter into 

the top of the lower 

reservoir

• For the first five hours of 

fluid production, flow in the 

top of the lower sand is 

blocked

Residual tracer test 

Joodaki, S. et al (2020) IJGHGC. Vol (101). 103134
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Residual saturation and critical saturation 

Upon secondary drainage due to exsolution or

gas expansion, gas does not remobilize immediately 

but only when the gas phase is connected again   
Relative permeability 

functions need to be adjusted 

to account for thisMoghadasi, R. et al (2022) IJGHGC. In Press. 
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Residual saturation and critical saturation 

Upon secondary drainage due to exsolution, 

gas does not remobilize immediately but 

only when the gas phase is connected again   
Relative permeability 

functions need to be adjusted 

to account for thisMoghadasi, R. et al (2022) IJGHGC. In Press. 
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Tracer arrival when critical saturation 

included 

Effect of RFEffect of Smob

Moghadasi, R. et al (2022) IJGHGC.In press. 
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• Procedures and interpretations for determining residual 

gas saturation in situ have been presented 

• The estimated residual gas saturation from the two field 

experiments  was similar (Sgrmax=0.1) and less than the 

laboratory value (Sgrmax=0.2) 

Conclusions and implications (1/4)

- General 
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• Hydraulic tests give a clear signal concerning the overall 

effective residual saturation of the interval

• Thermal tests give additional information about the gas 

distribution, as does monitoring of the pressure profile in 

the injection interval 

• Partitioning tracer tests are more complicated to carry out 

and to interpret, but provide more detailed information on 

the gas distribution 

Conclusions and implications (2/4)

- Methods to determine residual saturation
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• Fluid withdrawal is a simpler and more robust approach. 

Good if combined with pressure profile monitoring in the 

borehole (here two pressure sensors), which provides 

information on whether gas or only water saturated with 

gas is entering the borehole

• Injection of water saturated with CO2 is technically 

challenging, especially optimal mixing of water and CO2 

in the injection borehole. Easy to have oversaturated 

(gas blocking) or undersaturated conditions

Conclusions and implications (3/4)

- Creating the residually trapped zone
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• The tracer results here required introducing the concept 

of critical saturation, a phenomenon relevant if gas 

saturation increases due to pressure decrease rather 

than injection

• Critical  saturation is well studied in oil/gas industry but 

not considered in CCS

• Needs to be accounted for when modeling scenarios 

with unexpected pressure decrease due to leakage etc. 

and related gas exsolution and expansion

Conclusions and implications (4/4)

- Critical saturation
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Thank you for  your attention!

auli.niemi@geo.uu.se 
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