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A B S T R A C T   

In order to quantify CO2 residual trapping in situ, two dedicated single-well push-pull experiments have been 
carried out at the Heletz, Israel pilot CO2 injection site. Field data from some parts of these experiments suggests 
the important effect of the hydrodynamic behavior in the injection-withdrawal well. In the present work a model 
capturing the CO2 transport and trapping behavior during Heletz Residual Trapping Experiment I is developed, 
with a special focus on coupled wellbore-reservoir flow. The simulation is carried out with the numerical 
simulator T2Well/ECO2N (Pan et al. 2011) which considers the wellbore-reservoir coupling. Of particular in
terest is to accurately model the period when the well is open to the atmosphere and self-producing CO2 and 
water in a geyser-like manner. It is also of interest to identify what conditions are causing the oscillating 
pressure-temperature behavior and the associated periodic gas-liquid releases, as well as to determine the 
amount of gas lost from the reservoir during this period. The results suggest that the behavior is due to cyclical 
CO2 exsolution from the aqueous phase along with a reduction of mobility of both CO2 and brine in the near 
wellbore-reservoir area, the latter being due to a zone of dispersed CO2 bubbles near the wellbore. This behavior 
could be successfully captured with a new set of relative permeability functions developed earlier for CO2 
exsolution in laboratory experiments (Zuo et al., 2013).   

1. Introduction 

Residual or capillary trapping is an important trapping mechanism in 
geological storage of CO2 (Niemi et al., 2017; Rasmusson et al., 2014). It 
is defined as immobilization of individual bubbles or relatively small 
blobs of the CO2-rich phase by capillary forces in local trapping struc
tures, or being stuck in dead-end pore spaces (Zhang et al., 2011). Being 
able to characterize and quantify the residual trapping at a given site is 
important as it is crucial to the eventual total capacity of a reservoir to 
trap CO2. 

One of the main parameters that describes residual trapping is re
sidual gas saturation (Sgr). In spite of the importance of this parameter, 
very few studies so far have attempted to determine it in situ. Recent 
reviews summarizing works to determine this parameter in situ are given 
in Krevor et al. (2015) and in Niemi et al. (2017) and below only those 
studies relevant to the present work are referenced. Zhang et al. (2011) 

designed a single-well push-pull experiment sequence to quantify the 
maximum residual gas saturation of supercritical CO2 (ScCO2) in a saline 
aquifer. This experiment was carried out at Otway, Australia, in 2011 
(Paterson et al., 2013) and the interpretation is presented in Haese et al. 
(2013) and LaForce et al. (2014). An additional experiment following a 
similar principle was carried out at Otway in 2015–2016 (Ennis-King 
et al., 2017). Developing further the concepts developed for Otway, 
(Rasmusson et al., 2014) in turn presented three alternative push-pull 
test-designs as preparation to the experiments to be conducted at the 
Heletz site, Israel (Niemi et al., 2012; Niemi et al., 2016). These ex
periments, carried out in 2016 and 2017, are presented in detail in 
Niemi et al., 2020, this issue) and the interpretation of the residual 
saturations based on the two experiments by means of reservoir 
modeling in Joodaki et al. (2020a, b). 

The principle of Heletz CO2 residual trapping experiments was to 
create a residually trapped zone of CO2 in situ, and to use different 
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characterization tests (hydraulic, tracer and thermal tests) before and 
after creating this zone. The difference in the outcome of these charac
terization tests provides information of the residually trapped zone 
(Niemi et al., 2016; Rasmusson et al., 2014). In the first experiment, the 
Residual Trapping Experiment I (RTE I), carried out in September 2016, 
the residually trapped zone was created by first injecting CO2, then 
withdrawing the mobile CO2 leaving the residually trapped CO2 behind. 
The CO2 withdrawal stage consisted of two parts, a self-release part and 
a period of active pumping. During the self-release stage, the well was 
opened to the atmosphere and CO2 was spontaneously releasing in a 
geyser-like pattern, first only CO2, then CO2 with water. During the 
self-release stage, the pressure and temperature measurements at the 
reservoir depth show cycling fluctuation. As it is important to fully un
derstand the amount of CO2 lost from the reservoir during the 
self-release period, a detailed well-reservoir model was built to present 
the system, to study this period. During the following active pumping 
stage, fluids were pumped out with airlift technique until the formation 
was deemed to be at residual stage. 

The observed cyclic variation in pressure and temperature is very 
similar to the eruptive behavior observed in a CO2-driven geysering well 
(Lu et al., 2005, 2006; Watson et al., 2014). The term geyser is used to 
describe the natural phenomena observed in geothermally active areas 
where hot water and steam are periodically ejected into the atmosphere 
(Lu et al., 2005). However, in some deep wells that erupt like geysers, 
eruption of water and CO2 at temperatures below 100 ◦C have also been 
observed to discharge periodically. This type of geysering is known as 
CO2-driven cold-water geysers, such as geothermal wells at Te Aroha in 
New Zealand (Lu et al., 2006; Michels et al., 1993), Crystal and Tenmile 
geysers in Utah (Gouveia and Friedmann, 2006; Han et al., 2013; Ross, 
1997), and Chimayo geyser in New Mexico (Lu et al., 2006; Watson 
et al., 2014). In natural CO2-driven geysers, the eruption of water is the 
result of degassing (exsolution) of CO2-rich fluids through wellbore due 
to hydrostatic pressure reduction (Lu et al. 2005). The mechanism of 
CO2-driven geyser is described in detail by Lu et al. (2006), and can be 
summarized as follows. A cycle starts when the water level in a well 
leading up to the surface has recovered from an earlier low level and 
reaches the top of the well. The pressure in the well then has its 
maximum value and temperature its lowest. CO2 gas bubbles are formed 
due to exsolution of CO2 from oversaturated water in the wellbore. The 
depth where CO2 in aqueous phase starts to exsolve is called the flash 
depth (FD), and is defined by the prevailing pressure and temperature at 
that point. The exsolved CO2 bubbles migrate upwards due to the lower 
density of CO2 gas in comparison to that of liquid water. During the 
upward migration of the CO2 gas, the small bubbles start merging and 
create larger bubbles and slug flow. The formation of slug flow in turn 
causes water flow out of the wellbore. The water eruption continues and 
reduces the hydrostatic pressure, and consequently the FD in the well 
deepens. Finally, the CO2 exsolution depth will reach its maximum 
depth, i.e. the well chamber. Due to degassing, eruptions will cease once 
the CO2 concentration in the aqueous phase has reached a critical 
minimum, and needs to wait for completion of CO2 by another recharge 
from the reservoir. This process of CO2-driven eruption shows both 
self-enhancing and self-limiting behavior, resulting in the periodic 
eruption observed in geothermal reservoirs (Watson et al., 2014). 

The model simulations by Lu et al. (2006) could reproduce all the 
important characteristics of geysering flow, such as periodic fluid 
discharge from the wellhead and the periodic variation in fluid pressure 
and gas saturation at different depths in the well. Similarly, Pruess 
(2008) carried out simulations for leakage scenarios for a potential of 
self-enhancement of CO2 discharges from a CO2 reservoir. The results 
showed both self-enhancing and self-limiting features. Pan et al. (2011a) 
in turn studied an eruptive CO2 leakage behavior from a reservoir near 
residual saturation by means of a coupled reservoir-wellbore model. 

In this paper, the focus is on modeling the CO2/water self-release 
process observed during Heletz Residual Trapping Experiment, similar 
to the behavior discussed above. This self-release of CO2 as such causes 

uncertainty in the CO2 mass balance when the processes in the reservoir 
are modelled and needs to be addressed in detail to get a proper estimate 
of CO2 lost into the atmosphere. In addition, understanding and rigor
ously modeling this complex process also furthers the overall under
standing of processes in the reservoir and wellbore during a CO2 
injection-withdrawal experiment. For the modeling, we use the coupled 
wellbore-reservoir simulator T2Well-ECO2N (Pan and Oldenburg, 2014; 
Pan et al., 2011b) that has been specifically developed for geological 
storage of CO2. In the following text, we will first shortly describe the 
relevant parts of the Heletz RTE I carried out in 2016. We then proceed 
to the data analysis, model development and numerical simulations with 
well-reservoir simulator T2Well-ECO2N. This is followed by an analysis 
of the results, discussion and conclusions. 

2. Methodology and analyses 

2.1. Field data 

The Heletz pilot CO2 injection site is part of a depleted oil field 
located in the southern Mediterranean coastal plain of Israel. The target 
formation, perforated for CO2 injection, consists of two sandstone layers, 
separated by low-permeability shale. At the injection well, H18A, which 
was used for the residual trapping experiments, the top of the formation 
is at the depth of 1627 m. The thicknesses of the sandstone layers are 2 
and 9 m and the thickness of the separating shale layer is 3 m. The well is 
instrumented for CO2 and water injection and fluid withdrawal, as well 
as instrumented with downhole pressure and temperature sensor 
(located at depths 1617.35 m and 1632.9 m), with optical fiber for 
temperature measurement as well as U-tube for fluid sampling. A full 
description of the site and the instrumentation can be found in Niemi 
et al. (2016). 

The first Heletz residual trapping experiment (RTE I) which is the 
focus in the present work, took place between 9th and 29th of September 
2016. The measured pressure sequence in the two down-hole pressure 
sensors are shown in Fig. 1. The Figure shows the time period of creating 
the residually trapped zone of CO2, from the start of the CO2 injection to 
the end of the pumping-out period. The reference hydraulic tests before 
and after creating the residual zone are not shown here but are dis
cussed, as is the entire test, in Niemi et al., 2020 this issue) and Joodaki 
et al. (2020a, b). 

In this work the focus is in the CO2 self-release period. After CO2 
injection and some following rest period, the well was opened to the 
atmosphere to initiate the fluid withdrawal. Between 21st and 24th of 
September the well was open to the atmospheric pressure allowing 
fluids, both CO2 and water, to be released to the surface. This self-release 
of water and gas continued in periodic pulse releases of fluids which was 
associated with abrupt fluctuation of pressure and temperature during 
this period (Fig. 2). At the very early stage (before 21th of September 
15:00) only CO2 was released, followed by a period of geyser-like 
eruptions of both water and CO2. 

At the top of the well, the released fluids were led to a water tank 
where CO2 was released to the atmosphere while water flow rate was 
measured with a flow meter. The water flow rate was corrected for the 
effect of the storage tank by continuously following the water level in 
the tank by means of a pressure sensor at the bottom of the tank (for 
details see Niemi et al., 2020, this issue). The CO2 flow rate could not be 
measured with the setting available. 

The modeling work here is especially focused on the period where 
somewhat unexpectedly both CO2 and water are being released in a 
geyser-like cyclic pattern (22nd to 24th of September). The short period 
before that (Sept 21st) where only CO2 was released represents a 
different type of process and is mainly CO2 coming from the well. 

2.2. Modeling approach 

Two approaches have been used for analyzing the behavior during 
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the self-release stage. First, the coupled reservoir-well simulator 
T2Well/ECO2N was used to understand the influence of reservoir 
properties on pressure response. Second, a 1D numerical model of the 
well alone was used to estimate the amount of CO2 and water discharged 
through the self-release process. Both simulations were carried out with 
T2Well/ECO2N simulator (Pan et al., 2011b). 

2.2.1. Analysis of CO2 volume fraction 
Pressure and temperature were monitored at two depths at the well 

bottom, at the depth of the target reservoirs. Sensor PT-76 was located at 
the depth of 1632.91 m and sensor PT-78 at the depth of 1617.35 m, 
inside the well chamber and outside the well tubing. It has to be 
mentioned that Sensor PT-78 was located above the well screen 
(Fig. 3a). The pressure difference between the two sensors can be used to 
determine the mixture (CO2 and water) density and thereby the volume 
fractions of CO2 and water in the well chamber between the two sensors. 
This can be done by using a simple approach suggested by Lu et al. 
(2005), where the pressure difference between two points allow us to 
determine the mean density of the fluid mixture and its local average gas 
saturation by means of the following equations: 

ρm =
P76 − P78

gh
(1)  

α =
(ρL − ρm)

(ρL − ρG)
(2)  

where α is the gas saturation fraction, ρL is the brine density, ρG is the 
CO2 density, g is the gravitational acceleration, and h is the distance 
between the two pressure sensors. The density of brine (ρL) in current 
reservoir conditions (brine salinity of 52,502 mg/l and temperature 

about 64 ◦C), is 1019.2 kg/m3. In the present calculations, the value for 
the liquid density (ρL = 1022.2 kg/m3) and the value for the CO2 
density (ρG = 533.0 kg/m3) are used, which corresponds to average 
prevailing pressure, temperature and salinity conditions of 14.5 MPa, 64 
◦C, and 52.5 g/l at Heletz, reservoir depth. 

2.2.2. Numerical simulator T2Well/ECO2N 
T2Well is an extended version of TOUGH2 numerical simulator for 

modeling non-isothermal, multi-phase, multicomponent fluid and en
ergy flow in a coupled well-reservoir system (Pan and Oldenburg, 2014; 
Pan et al., 2011b,c). The multiphase flow in the wellbore is simulated by 
solving the one-dimensional momentum equation. The velocity of the 
two-phases is described by DFM (Drift Flux Model) (Shi et al., 2005). By 
applying the DFM, the two-phase momentum equations are lumped into 
a single momentum equation for fluid mixture. A summary of the 
mathematical formulations that are implemented in T2Well can be 
found in the T2Well/ECO2N manual (Pan and Oldenburg, 2014). Like 
TOUGH2, T2Well needs to be used with different equations-of-state 
(EOS) modules to describe different fluid mixtures. In this work, we 
use the module ECO2N that includes equations-of-state for two-phase 
flow (gas and liquid), three mass components (water, salt, and CO2) 
over the ranges of pressure and temperature of interest in this study. In 
ECO2N, the term ‘gas phase’ refers to the CO2-rich phase and the term 
‘liquid phase’ refers to the water-rich phase. It should be noted that CO2 
in ‘gas phase’ could formally be gaseous, liquid, or, supercritical CO2, 
depending on the pressure and temperature conditions. However, by our 
terminology CO2 in the liquid phase is CO2 dissolved in water or brine. It 
should further be pointed out that the model is based on the assumptions 
of equilibrium dissolution of CO2 in brine, and of constant residual gas 
saturation parameter (Sgr). The application of T2Well for CO2 as the gas 

Fig. 1. Measured pressure at downhole sensors during time period September 9th to September 30th, Heletz Residual Trapping Experiment I.  

Fig. 2. (a) Measured pressure and (b) measured temperature during the self-release period. Solid lines show measurements at 1617.35 m depth and dashed lines 
show measurements at 1632.91 m depth sensors. 
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phase and water flow in a vertical pipe has been verified and validated 
with analytical solution and the field data by Pan and Oldenburg (2014) 
and Pan et al. (2018). 

2.2.2.1. Conceptual model and model development. The conceptual 
model (Fig. 3) representing the site was constructed based on the 
available geological and petrophysical data. The model and the 
parameter values are based on the site characterization data available 
(Niemi et al., 2016) as well as results and calibration from the previous 
reservoir model analyzing the Residual Trapping Experiment I (Joodaki 
et al., 2020a). The parameter values are summarized in Table 1. The 
model consists of two high-permeability layers (noted here as H1 and 
H2), 2 and 9 m thick, respectively, separated by a 3 m thick 
low-permeable layer (L1), overlain by an additional low-permeable 
layer (L2). The bottom depth is at 1641 m, and the top of model is at 
194 m below ground level, which corresponds to the level of the 
groundwater table. The top of model is considered at 194 m below 
ground level to avoid the complexities of the unsaturated zone and the 
presence of the air component in the numerical modeling. The layers 
above the actual reservoir layers were considered only in terms of how 
they influence the heat transfer from and into the well. At the top 
boundary, at 194 m below the ground level, a specified pressure 
boundary condition equal to atmospheric pressure is specified. At this 
boundary we also assume a constant temperature of 35 ◦C. The reason 
why we could not model the part above the water table is that the well 
model we use (T2Well) can account for CO2 and water but not air as the 
third fluid. An impermeable layer with a constant temperature of 65 ◦C 
is assigned to the bottom boundary. The thermal properties of 

surrounding rocks are assumed homogeneous for all rock types. 
A radially symmetric grid was used with a grid spacing of 0.0365 m 

representing the wellbore, and with 45 logarithmically increasing grid 
blocks out to 500 m in radial direction. In vertical direction 10 m grid 
blocks were used down to the depth of 1604 m and 1 m grid blocks were 
used for the reservoirs and the low permeable shale layer in between 

Fig. 3. (a) Conceptual model (not to scale) showing Heletz test reservoirs (H1 and H2), low permeable layers (L1 and L2), and wellbore for CO2 self-release period, 
(b) the mesh resolution near the well and reservoir layers, and (c) the Radially symmetric grid for modeling coupled well-reservoir system in Heletz. 

Table 1 
Properties and parameter values used for the modeling.  

Parameter Value Unit 

Well Length 1448 m 
Well Diameter 0.073 m 
Thermal 

conductivity 
3.30 W/m C◦

Reservoir radius 1000 m 
Boundary conditions 

at wellhead 
P = 0.1035 MPa 
T = 35 C◦

Roughness 
parameter 

0.046 × 10− 3 M 

Absolute 
permeability 

H1 = 650 mD 
H2 = 450 mD 

Porosity H1 = H2 = 0.25  

Salinity 0.05 
NaCl mass 
fraction 

Initial conditions 
Gas saturation, pressure and temperature at 
the end of rest time (at 21-sep-2016 11:15) 
from numerical simulation.  

Outer boundary 
condition No-flow   
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(L2). It should be pointed out that the numerical stability of the simu
lations depends on the number of the grid blocks used. When using a 
very fine mesh, convergence problems occurred. The current mesh 
(Fig. 3a) is the finest we could use and achieve numerical convergence. 
The current mesh has considerable refinement near the area that 
reservoir and wellbore are connected and we believe the mesh to be 
sufficiently fine so that a further refinement of the mesh would not 
change the overall results. 

To obtain the initial and boundary conditions, a numerical simula
tion for the sequences of CO2 injection, and the following rest period 
(from 12th of September 12:00 to 21st of September 11:05) were carried 
out first with the same mesh and parameter values as given in Table 1. It 
should be noted that there is a heating period from 15th of September 
8:45 to 17th of September 8:20. This is part of the overall test sequence 
and important in determining the residual saturation. For the present 
analysis, however, the temperature effects are not significant. 

Fig. 4 shows the simulated pressure along with the measured data for 
the period before opening the well. It can be seen that the model does 
not capture the variations during water and tracer injection, which are 
believed to be due to borehole skin effects and accumulation of sand in 
the wellbore during these early stages of the injection. These are not the 
focus in the present study and will be not further analyzed here (see 
Joodaki et al., 2020a). The behavior during the CO2 injection and 
pressure evolution after that are deemed to be sufficiently captured by 
the model so that the result can be used as initial condition in reservoir 
for simulating the period when well is open to the atmosphere. 

2.2.2.2. CO2 mobility models. Relative permeability functions are crit
ical for all two-phase flow systems and especially crucial when estimates 
on residual trapping are made. In the Heletz case, core measurements on 
relative permeability have been made (Hingerl et al., 2016) and the 
obtained curve is presented in Fig. 5 (dashed lines). 

As already discussed above, the pressure measurements (Fig. 2) 
during the self-release period indicated a geyser-like behavior. Based on 
field observations of natural geysers, the CO2 in the reservoir is in dis
solved form and the released, mobile CO2 observed at the top of the well 
is the result of CO2 exsolution from the saturated water, due to the 
lowering of the pressure as discussed above. The numerical simulations 
by Pan et al. (2011a) concerning transient CO2 leakage through a well on 
the other hand showed that the gas saturation in the reservoir is only 
slightly above the residual gas saturation for the geysering behavior to 
happen. In our case, the CO2 inside the reservoir is not yet at residual 
(immobile) state during the self-release period, at least not for the entire 
region, as the observations during the active pumping stage (the next 
sequence in RTE I) again show presence of mobile CO2. The mobility of 
CO2 appears, however, to be reduced during the period of self-release 
and associated exsolution. Interestingly, Zuo et al. (2013) carried out 

laboratory experiments concerning the effect of exsolution of CO2 on the 
relative permeability of the gas and the liquid. Their finding was that 
both mobilities were significantly reduced. The corresponding relative 
permeability functions are presented in Fig. 5 with solid lines. It should 
be noted that while even the relative permeability of brine is strongly 
reduced in comparison to the base case (dashed lines in Fig. 5), the 
relative permeability of CO2 is reduced to zero. The physical reason for 
gas mobility becoming zero is according to Zuo et al. (2012) the pressure 
(and temperature) reduction induced exsolution and the exsolved CO2 
creating disconnected CO2 bubbles. These bubbles, while causing higher 
gas saturation are disconnected from each other and therefore immobile. 
Furthermore, these bubbles block the flow of water and thereby reduce 
the water permeability as well. 

In our simulations, we use both the original relative permeability 
functions determined on the cores and the exsolution-reduced relative 
permeabilities presented by Zuo et al. (2012, 2013). The relative 
permeability presented by Zuo et al. (2013) then describes a situation 
where only dissolved (no free) CO2 can enter to the well-bottom. 

3. Results 

3.1. Analysis of CO2 volume fraction 

Fig. 6 shows the measured pressure difference and the estimated 
volume fraction of CO2 (or gas saturation) between the two sensors in 
the wellbore during the self-release stage. The pressure difference fluc
tuates considerably. According to Eq.s (1) and (2), a smaller pressure 
difference corresponds to a larger CO2 volume between the two sensors 
and vice versa. The gas saturation in the wellbore ranges between 0.04 
and 0.31. There are two possible sources for the gas in the wellbore: CO2 
exsolution from oversaturated carbonated water and gaseous CO2 in the 
reservoirs. The contributions of the two sources to the CO2 gas volume in 
the column between two sensors cannot be determined. Because of the 
completion of the well, CO2 can be trapped between packer at depth 
− 1605 m and well screen top level at -1621 m below ground surface. 
The presence of CO2 phase in this part results that gas saturation be
tween two sensors be about 0.05 between two pressure drops. 

Fig. 4. Measured pressure and numerically modelled pressure (at depth of 
1632.91 m) along with test sequences. 

Fig. 5. Relative permeability of CO2 and brine used in numerical simulation of 
CO2 self-release. The lines without markers are based on core data from Heletz 
[scenario 1] (Hingerl et al., 2016; Niemi et al., 2016) and the lines with markers 
show the reduced relative permeabilities based on Zuo et al. (2012) [sce
nario 2]. 
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3.2. Results of the numerical modeling 

3.2.1. Coupled well-reservoir simulations 

3.2.1.1. Scenario 1: Relative permeability as determined from the core 
samples. In Scenario 1 the relative permeability functions were taken as 
those measured on Heletz cores (Fig. 5). The resulting simulated pres
sure at the bottom of the wellbore along with the measured pressure are 
shown in Fig. 7. The result suggests that the numerical model based on 
Scenario 1 cannot properly reproduce the process of CO2 self-release as 
observed in the experiment. The observed pressure signal exhibits strong 
pulsation, which is not captured by the simulation. In the simulation, 
after an initial drop at the start, the pressure increases in three steps. The 
sudden drop in the beginning is caused by an initial gas accumulation in 
the wellbore, as shown by the evolution of gas volume percentage at the 
bottom and the middle of the wellbore (Fig. 8). The following multistep 
increase in turn is caused by the reduction in wellbore gas saturation 
(Fig. 8). The gas saturation in the reservoir reduces after the first peak. 
Both the gas and liquid flow rates decrease quickly after the first peak 
and eventually reach zero (Fig. 9). At the bottom of the wellbore, the gas 
stops flowing earlier than the liquid because of self-accelerating effect 
on CO2 flow rate is more than the liquid flow rate (Fig. 9). 

3.2.1.2. Scenario 2: reduced relative permeability. As it was apparent that 
Scenario 1 could not reproduce the oscillating pressure behavior, and 
the geyser-like water− CO2 outbursts observed in the experiment, the 
exsolution-reduced gas and liquid relative permeabilities as suggested 

by Zuo et al. (2012, 2013) were tested next. In Scenario 2, the CO2 phase 
mobility was considered to be negligible and the water mobility in the 
reservoir was reduced by using the relative permeability functions 
shown in Fig. 5 (the solid lines). Fig. 10 shows that the numerical model 
based on the reduced permeability can indeed well reproduce the 
oscillating pressure behavior observed in the field experiment. It should 
be pointed out that the model is not intended to capture the early part of 
the open-well period where only CO2 is being released, mainly from the 
wellbore. The result is a significant improvement from that in Scenario 1 
and captures well the observed overall behavior. Detailed comparison 
shows some quantitative differences in the number, duration and size of 
pressure drops. The size of measured pressure drops is about 0.9 MPa, to 
be compared to the simulated value of 2.5 MPa, on average. The over- 
estimation of the pressure drop by the model is due to the exclusion of 
the flow in the uppermost part of the model. As discussed previously, the 
-194 level of water table was set as constant pressure boundary condi
tion. In reality there is variable flow of CO2-water mixture in this upper 
part of the well also as well as in the piping system connecting the well to 
the outlet tank. If the weight of the 194 m column of CO2-water mixture 
and the friction and momentum terms were considered, it would, during 
a pressure drop, definitely make the pressure at depth much larger than 
the atmospheric pressure boundary condition that is now used. In order 
to see the effect of excluding the upper 194 m of wellbore, a simple well- 
bore model was constructed with T2Well. The upper part was initially 
assumed to be filled with CO2 and then one of the events of CO2 and 
water leakage event was simulated. The simulations showed that in
jection of CO2 and water into to this upper part (rate of CO2 and water 
injection was taken from the earlier simulations) creates an overpressure 

Fig. 6. Pressure difference (blue dashed curve) and interpreted gas saturation (red solid curve) between sensors at 1632.91 m depth and at 1617.35 m depth during 
the self-release period. 

Fig. 7. Measured and simulated pressure (at depth of 1617.35 m) for scenario 1 
with relative permeability data obtained from core samples. 

Fig. 8. Simulated gas saturation at three levels in the well (top, middle, and 
bottom), and two locations in the upper layer of the reservoir for scenario 1 
with measured core relative permeability. 
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of about 2.2 MPa at the -194 m below ground level, at the time when the 
pressure is at the minimum at the bottom of the well. A more simplistic 
evaluation of assuming the uppermost 194 m of the wellbore to contain 
15 % of CO2 and 85 % water, would in turn result in a pressure of 1.6 
MPa at the − 194 m level. In the previous modeling we had assumed the 
pressure at that point to be at atmospheric pressure i.e.1 bar. This dif
ference is of the same order of magnitude as the difference between 
measured and modelled pressure low points in Fig. 14b. 

The simulated flow rates of the liquid and gas phases during the self- 
release period are shown in Fig. 11. It can be seen that the observed 
intermittent CO2 production from the wellbore is also captured well. A 
typical CO2 release event begins with a sudden eruption at the top of the 
wellbore followed by a gradual decrease to zero. The CO2 mass flow rate 
at the bottom of the wellbore is about 0.06 kg/s at the peak of each jump 
(Fig. 11a). Both the gas and the liquid flow rates are higher at the top 
than at the bottom of the wellbore (Fig. 11b, c). The gas flow rate is 
higher at the top than at the middle and the bottom of the wellbore, 
which can be attributed to the acceleration caused by the density 
reduction and the formation of slug flow regime (Fig. 11c). This process 
is known as the self-acceleration effect (Pan et al., 2011a). 

As the relative permeability of gas in the reservoir is zero, the CO2 
gas flow rates at the bottom are zero during the individual production 
events. The CO2 flows in vicinity of the wellbore in reservoirs in the form 
of dissolved CO2 in brine. As aqueous CO2 exsolves due to pressure 
reduction, CO2 bubbles form. CO2 bubbles flow upwards because of 
buoyancy forces that depend on the density difference of brine and 
CO2(g). 

Fig. 12 shows the simulated volume fractions of CO2 between the two 

pressure sensors in the wellbore that can be compared to the corre
sponding data values in Fig. 6. Also, here a very good general agreement 
can be observed between the simulated CO2 volume fractions and the 
data-estimated volume fractions based on the pressure difference be
tween the two sensors in the well (Fig. 6). The estimated volume fraction 
at the peaks is between 5% and 10 % (except the first peak associated 
with the eruption of gas only); the simulated values are about 7%. 

3.3. Wellbore flow simulation 

The previous results indicate that the overall oscillating behavior 
could be well captured with the Scenario 2 model. All the critical ele
ments, i.e. the oscillating pressure, the level of gas saturation and the 
oscillating outbursts of water and CO2 were captured, indicating that the 
conceptual model and assumptions are correct. The exact lengths of the 
outburst periods were, however, not captured. For the overall inter
pretation of the Residual Trapping Experiment I (Niemi et al., 2020; 
Joodaki et al., 2020a,b) it is of interest to get an as accurate estimate of 
the CO2 lost during this self-release period as possible. We therefore 
carried out an additional analysis attempting to match the pressure os
cillations in greater detail, by simulating the processes in the wellbore 
alone using T2well/ECO2N. For this modeling we use a variable inlet 
flow rate for CO2 and water as the boundary condition at the bottom of 
the wellbore and atmospheric pressure at the top of the well. Similar to 
the previous coupled reservoir-wellbore model, the top of model is 
considered at 194 m below ground level in the wellbore flow modeling 
and is a specified pressure boundary condition. The inlet flow rates for 
CO2 and water are assigned similar triangular shapes to the flow rates 
obtained from the Scenario 2 simulation (Fig. 11). The height and 
duration of the flow rates were manually adjusted to match duration of 
each pressure drop (Fig. 13a). 

The simulated pressure from the well model along with the experi
mental data is shown in Fig. 13b, showing an improved agreement in the 
duration of the events. During the calibration of well model, it is 
assumed that the size of pressure drops in the model is larger than that in 
the field data in order to consider the pressure dissipation by gravity and 
friction in part of the well that was not modeled. 

Fig. 14 shows the measured and modelled cumulative volume of 
water discharged from the well during the self-release period. At the end 
of the period the field measurement shows a total of 140 m3 of dis
charged water, while the corresponding model result is 150 m3 

(Fig. 14a). For comparison, the total volume released with the first 
Scenario 2 model, without detailed calibration of the peaks, was 100.9 
m3. Based on the detailed calibrated model the estimated total CO2 
discharged from the system is about 10.14 tons at the end of the self- 
release period. Overall, this is a significant amount of the 100 tons of 
CO2 injected in order to create the residually trapped zone. 

Fig. 9. (a) Simulated gas flow rate and (b) Simulated liquid flow rate at three levels in the well (top, middle, and bottom) for scenario 1 with measured core relative 
permeability. 

Fig. 10. Measured pressure (blue dash line) and numerically simulated pres
sure (at depth of 1617.35 m) for Scenario 2 with modified relative permeability. 
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4. Discussion 

The objective of this study has been to analyze and understand the 
period of geyser-like self-release of CO2 and water during the Heletz 
Residual Trapping Experiment I (Niemi et al., 2020). The generation of 
the residually trapped zone of CO2 in the experiment consisted of three 
main stages: injection of supercritical CO2 into the formation, opening of 
the injection well to the atmospheric pressure so that CO2 and water 
were self-released into atmosphere in a geyser-like manner and finally, 
removal of the remaining mobile CO2 by means of active pumping. 
Understanding the self-release stage and the associated loss of CO2 from 
the system is critical for the analysis of the experiment and requires the 
coupled analysis of the well-reservoir behavior. For this reason, in the 
present study, a coupled wellbore-reservoir simulation was carried out 
by using the T2Well/ECO2N model (Pan et al., 2011b), in order to 
analyze and understand the self-release period. 

In the first model (Scenario 1) the relative permeabilities were pre
sented as measured on Heletz cores by Hingerl et al. (2016). These 
simulations did, however, not at all capture the oscillating pressure 
response observed in the measured data (Fig. 7). The simulated pressure 
drop was much more even and generally also larger than the measured 
values, implying that the model would overestimate the CO2 production 
during the self-release stage. 

In order to capture the observed oscillating behavior of pressure and 
CO2 outflow, the CO2 inflow from the reservoir into the well had to be 
reduced, in comparison to the previous ‘first-estimate’ model. This 
inflow is controlled by the mobility of fluids in the area near the well
bore. The mismatch between the simulation results and the field data in 
Scenario 1 suggests that the relative permeability measured in core 
samples may not be representative of the two-phase hydraulic properties 
near the wellbore during the period of well opening. One possible 
explanation for the mobility reduction is perforation damage resulting 

Fig. 11. Simulated fluid production with Scenario 2. (a) Simulated CO2 flow rate and (b) simulated liquid flow rate at three levels in the well (top, middle, and 
bottom). (c) Simulated gas flow rate and (d) liquid flow rate during a single event of production of fluids. 

Fig. 12. The simulated volume fraction of CO2 between the two sensors along with simulated pressure.  
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from grain crushing and fines accumulation (Sharma, 2000). Even clean 
perforation channels show a thin region of reduced permeability around 
them which is known as crushed or compacted zone (Klotz et al., 1974; 
McLeod, 1983). Another possible explanation is formation of micro
bubbles or nucleation of gas phase near the well-reservoir area due to 
depressurization or temperature variations (El Yousfi et al., 1997; Fir
oozabadi and Kashchiev, 1996). This could result from the pressure 
reduction when the well is opened to the atmospheric pressure. The 
laboratory experiments by Zuo et al. (2012) have indicated that even 
small amounts of exsolved CO2 may act as a barrier, preventing further 
migration of supercritical CO2 or even blocking possible leakage paths 
(Zuo et al., 2012). 

Therefore, the effect of reduced relative permeabilities (see curves of 
scenario 2, Fig. 5) due to exsolution as proposed by Zuo et al. (2012) was 
tested. With this model a significantly improved agreement with the 
measured data was achieved and the model did well capture the 
observed oscillating behavior. All the critical elements, i.e. the oscil
lating pressure, the level of gas saturation in the wellbore and the 
geyser-like outbursts of water and CO2 could be captured, indicating 
that the conceptual model and assumptions are correct (Figure 10, 11 
and 12). 

Even though the Scenario 2 model reproduced all the general be
haviors of pulsating CO2 and water release observed in the field very 

well, there were some quantitative differences in the exact duration and 
number of the oscillation events as well as the downhole pressure dif
ference (Fig. 12). An exact agreement would require precise knowledge 
of the prevailing heterogeneous hydraulic properties, the exsolution- 
reduced relative permeabilities, and the initial CO2 saturation in the 
reservoir at the onset of the events, which is not available. In order to get 
an as good as possible estimate of the water and CO2 lost during this self- 
release period, additional one-dimensional well simulations were done. 
In these simulations the observed behavior of the coupled well-reservoir 
model was used as the flow input and the model was calibrated against 
the field-measured pressure oscillation behavior and the amount of 
water and CO2 lost from the system was obtained, providing a better 
agreement with the measured water outflow (Fig. 14). 

The calculated water discharge (Fig. 14a) with this calibrated model 
showed a very good agreement with the measured water discharge (less 
than 5% error). The calculated discharge of CO2 is about 10 tons at the 
end of self-release flowing out, to be compared to the total of 100 tons of 
injected CO2. 

5. Conclusions 

In this study, we have used the coupled well-reservoir simulator 
T2Well/ECO2N to understand the geysering behavior of CO2 and brine 

Fig. 13. (a) Adjusted brine and CO2 flow rates and (b) Measured and simulated pressure. Simulation with the detailed wellbore model.  

Fig. 14. (a) Measured and calculated cumulative volume of water discharged from the top of the well and (b) calculated total amount of CO2 discharge.  
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leakage during the self-release stage of the Residual Trapping Experi
ment I at the Heletz, Israel pilot injection site. The behavior could be 
explained by CO2 exsolution from brine when the pressure in the vicinity 
of the well is lowered due to well opening. We have furthermore shown 
that low relative permeabilities of CO2 and brine are needed to simulate 
the observed phenomena. By using the reduced mobility of fluids as 
observed in exsolution-related laboratory experiments, all the key be
haviors, i.e. the pressure oscillation, the oscillating outbursts of water 
and CO2 as well as the oscillating gas saturation in the wellbore could be 
matched. The reduction of mobility in the reservoir can be linked to the 
formation of gas bubbles in the reservoir area surrounding the wellbore, 
occurring due to exsolution. This study demonstrates that for a sufficient 
understanding of the processes near a wellbore during CO2 leakage 
through the well, coupled well-reservoir simulators are needed. The 
observed behavior has significance for any possible leakage events 
where CO2 could leak to the atmosphere through a well or even a 
fracture zone, either intentionally like in the present experiment or un- 
intentionally, for instance through abandoned wells. 
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