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The recovery eﬃciency of unconventional oil reserves is very
low due to micro-Darcy formation permeability and rapid
depletion of pore pressure near to the fractures and wellbore.
Several enhanced oil recovery (EOR) techniques have been
suggested to increase production eﬃciency in these
reservoirs. Two examples promote injection of gas or carbon
dioxide (CO2) in fractured wells, and either producing oil from
adjacent wells or back producing the injected gas and
reservoir ﬂuids in the same wellbore after a suitable soaking
period (huﬀ & puﬀ).
The eﬀective distribution of the injected gas and the ability to
keep gas in the reservoir for maintaining energy and/or having
longer contact with interstitial oil can signiﬁcantly improve the
performance of the EOR process in unconventional oil wells.
This can be achieved via the use of advanced completions
utilizing passive inﬂow control devices (ICDs) and autonomous
inﬂow control devices (AICDs).

Huﬀ & puﬀ process

To produce a signiﬁcant amount of the remaining oil in place,
the development of eﬀective EOR techniques is necessary.
Due to low injectivity and poor sweep eﬃciency, conventional
secondary recovery scenarios, such as waterﬂooding, are
ineﬀective in unconventional reservoirs. While alternate
injection concepts have been suggested1,2, gas huﬀ & puﬀ
appears the most practical technique. It comprises three steps:
injection, soaking and production. For instance, EOG
Resources3 disclosed oil recovery improvement of 30% to
70% from Eagle Ford shale wells by injecting natural gas using
huﬀ & puﬀ techniques.
Simulation studies have focused on providing a better
estimation of the added value of gas injection methodology
and gas injection optimization. Research in 2014 and 2016
evaluated the impact of the reservoir uncertainties, number of
cycles, injection time, injection rates and primary depletion
period.4,5 It concluded that the fracture length and
conductivity are less important than the other parameters for
successful huﬀ & puﬀ injection.
Broadly speaking, economics favours shortening the injection
and soaking times and increasing the production time. In

addition, it is desirable to keep the injected gas in contact with
the reservoir matrix, even during the production phase, by
restricting the production of free gas that has not had a
chance to interact with the interstitial oil.

Advanced completions

Extended reach wellbore architecture (high angle, horizontal
and multi-lateral wells) delivers more eﬃcient exploitation of
complex geologic structures and provides enhanced reservoir
contact for layered, laminated and compartmentalized
formations. However, it has also brought new challenges such
as uneven inﬂow from the reservoir toward the wellbore. Such
challenges are the result of a variation in the reservoir
properties and can lead to early water and gas breakthrough in
one region of the horizontal wellbore, adversely aﬀecting oil
production in the rest of the wellbore: potentially forcing well
shut-in.
By managing the inﬂow and outflow of ﬂuids from/to the
reservoir, advanced completions can respond to changing
conditions throughout the life of the well. These technologies
come in three forms:
• Interval Control Valves (ICV) - active ﬂow control
devices
• Inﬂow Control Devices (ICD or FCD) - passive ﬂow
control devices
• Autonomous Inﬂow Control Devices (AICD or AFCD).
Each requires segmentation of the wellbore and isolation of
the sections by annular ﬂow isolation tools including swell
packers, mechanical packers or seal bore stacks. The article
will focus on passive and autonomous ﬂow control devices.
Passive ﬂow control device (ICD)
Passive ICDs incorporate a variety of elements to generate a
pressure drop as a function of the ﬂow rate ﬂowing through
the device. For instance, the simplest and most common types
of ICD use a nozzle or oriﬁce.
Passive ICDs are used in long horizontal water injection wells
to balance the injection rate into the reservoir along the length

of the well. One or more ICD devices are mounted on the base
pipe of a screen joint and other than at the housing of ICDs,
the base pipe is unperforated. Multiple ICD screen joints are
normally run in a horizontal well with sections isolated by
swell packers or mechanical packers between the main
conduit and the wellbore.

A popular AICD design is the Rate Controlled Production
(RCP) valve. Tendeka has deployed more than 42,000 of
devices in over 280 wells worldwide. Figure 3 illustrates the
principle components of the RCP AICD.

As shown in Figure 1, the ﬂow travels down the injection
conduit (screen base pipe) and through the ICDs in each joint
to the housing at the top of the screen. Here, the ﬂow is
redirected from a radial direction to an axial direction. The
ﬂow continues down the annular space between the screen
and the base pipe and ﬂows out the screen to the annular
space between the screens and the wellbore, and then into
the reservoir.
Figure 3: Construction of RCP type AICD ©Tendeka

The RCP AICD creates a variable, rate and ﬂuid dependent
pressure drop based on the size of the gap between a
free-moving disk and the top plate of the housing in which it
is contained.
Figure 1: ICD unit mounted into sand screen joints illustrating injection ﬂow
path ©Tendeka

Figure 2 shows a section view of an ICD device for injection
that incorporates the ability to prevent ﬂow in the production
direction (from the annulus to production conduit). This type
of ICD is required to employ ﬂow control in a huﬀ & puﬀ EOR
process.

Figure 2: Bypass injection ICD device with check capability in the production
direction ©Tendeka

Flow enters the device through the nozzle in the top plate of
the body. This impacts the disk and disperses radially through
the gap between the disk and the top plate. It then moves
around the top plate and is discharged through several outlet
ports in the body (Figure 4).
The RCP AICD is typically incorporated as part of a screen
joint as shown in Figure 5.

Figure 4: Flow path inside an RCP AICD valve ©Tendeka

Autonomous inﬂow control device (AICD)
An AICD is a ﬂow control device in which the pressure drop of
ﬂuid ﬂowing through the device is dependent on the
composition of the ﬂuid or other properties, such as viscosity,
density, or ﬂow rate. The ﬂuid dependent pressure drop can
be created by changing the geometry of the ﬂow restriction or
the direction of the ﬂow path of the ﬂuid as a function of the
controlling property.6
The AICD provides additional restriction to unwanted ﬂuids
such as water or gas and creates the additional restriction
without any connection to, or remote actuation from, the
surface and without any intervention by the operator. When
installed in a well that has been segmented into multiple
compartments, this device prevents excessive production of
gas after breakthrough occurs in one or more compartments.

Figure 5: Flow path of production ﬂuid through an AICD mounted on a sand
screen joint

The produced ﬂuids enter the completion through the screen
and ﬂow in the annular space between the screen and the
unperforated base pipe into the AICD housing where the
device is mounted. Fluids then ﬂow through the device into

the interior of the production conduit where they combine
with the ﬂow from other zones and devices. The RCP AICD
functions as a check valve in the injection direction.

the formation into the micro-fractures and hydraulically
induced fractures, then on to the wellbore, passing through
the AICDs into the production conduit.

The design and performance of the RCP AICD make it well
suited for installations in long horizontal wells and
multi-laterals with high degrees of reservoir heterogeneity,
and uncertainty regarding future well conditions. The ability
to change its performance as a function of the ﬂuid ﬂowing
through it makes it ideal to control gas inﬂux in reservoirs with
various oil columns or reservoirs with high gas-oil ratio and
saturated oil.7,8,9

As the properties of formation and fractures for each segment
are diﬀerent, the segments producing large gas volume
fractions are restricted by the AICDs. Simultaneously, the
AICDs at segments producing high oil volume fractions will
impose a little restriction on the oil ﬂow. This control retains
more gas in the reservoir to diﬀuse further and to maintain
reservoir pressure and energy to enhance instantaneous and
ultimate oil recovery. The cycles of injection and production
are repeated multiple times to increase the recovery of
hydrocarbons from the well/reservoir.

Reducing uncertainty and improving performance

To illustrate the application of advanced completions in a huﬀ
& puﬀ gas EOR well in a shale oil reservoir, consider a
horizontal well drilled in an unconventional oil formation and
completed as either open hole or with perforated, cemented
casing. Several hydraulically induced fractures are then
created in the reservoir.
The new completion is composed of an internal liner with
annular ﬂow isolation packers to generate multiple
hydraulically isolated segments in the wellbore. Each isolation
packer is placed to compartmentalize either individual
fractures or clusters of hydraulic fractures, previously
induced, outside the internal liner. A production packer or
liner hanger/packer can be installed at the top of the internal
liner to isolate the formation from the upper wellbore (Figure
6).

In summary, under normal circumstances with conventional
completions, injected gas or CO2 ﬂowing back would be
preferentially produced due to the favourable mobility of
these ﬂuids during the production stage of a huﬀ & puﬀ cycle.
However, the AICD provides greater ﬂow restriction to gas
and CO2 than to oil, and as such, fractures zones dominated
by gas phase (or CO2) are subjected to a very high-pressure
drop while the zones dominated by oil are produced with a
minimum restriction. This facilitates maintaining pressures in
the zones that the gas (or CO2) has not had enough time to
react with the oil successfully while maximizing oil production
from high oil-bearing fractures zones.
As demonstrated by simulations, Tendeka believes the
duration of the soaking period can be shortened with AICDs
and the eﬀectiveness of the gas or CO2 injected can be
increased signiﬁcantly.

A Bakken-like tight oil reservoir simulation study

The Bakken formation is located between of the Devonian
Three Forks and Mississippian Lodgepole Limestone
formations. In addition to multi-stage fractured horizontal
wells, EOR is crucial to increase the recovery factor and
maximize the production from the ﬁelds. For instance, several
studies have revealed the possibility to increase the oil
recovery factor by 10-15%, if EOR is applied.
Figure 6: Proposed advanced completions including ﬂow control devices in a
multiple fractured horizontal well

Each segment comprises one or more ﬂow-checking ICDs and
one or more ﬂow-checking AICDs. The number and size are
determined by the expected prevailing operating conditions
to control both gas injection and oil and gas production at
speciﬁed rates.
The well is initially produced for some time to deplete the
pressure in the reservoir proximal to the wellbore and
fractures, and for the economic beneﬁt of early oil production.
Once the production rate and pressure have declined, gas
injection into the wellbore is initiated.
The well is then closed for an appropriate period to allow the
gas to diﬀuse into the interstitial oil in the formation’s
pore-spaces as well as the solvent-oil solution dispersing back
into the micro-fracture labyrinth. After this period, the well is
opened to production again, with gas and oil produced from

In order to demonstrate the method in a pessimistic scenario,
a model with highly heterogeneous static geological
properties was built. The static and dynamic properties used
to evaluate the performance of huﬀ & puﬀ gas injection are
either identical or within the same order of magnitude to the
Bakken ﬁeld.
A 3D compositional box model was built using 300*200*10
active grid cells with the size of 40*40*3ft in X, Y and Z
directions respectively, to capture the minor diﬀerences when
it came to simulation.
Porosity was then populated; using the average ﬁeld porosity
of 27% as a reference, by creating a custom porosity log in
LAS format using numbers generated by a random number
generator.
The log was then upscaled to the grid using arithmetic
averaging and the data correlated in an isotropic variogram.
The data was used to interpolate the porosity using
Sequential Gaussian Simulation. This provided a

heterogeneous and random porosity distribution with the
limited data available. Permeability in the X, Y and Z directions
were then populated using Poro-Perm correlations, allowing
the X and Y permeability to a range between 0.016mD and
0.046mD and permeability between 0.011mD and 0.032mD
in the Z direction. The eﬀects of geomechanics and dual
porosity-dual permeability are not included in this study.
Well design and structure
A horizontal well with reservoir contact length of 5,600ft was
deﬁned in the centre of the model to allow consistent
boundary eﬀects from all sides of the model. Six stages of
fracture were placed to improve oil production. The
heterogeneity in hydraulic fractures was induced by randomly
spacing the fractures along the horizontal section of the
wellbore. The fracture length was also varied.
As the focus was on the lower completion, the upper
completion was not modelled. A 5.5” production liner was
inserted into the well to the toe of the well.

Results

To include huﬀ & puﬀ EOR, the cyclic CO2 injection was
performed for three years. Two mmscf/day of CO2 was
injected into the well with the maximum bottom hole injection
pressure of 5750 psi. The ﬁrst injection started right after the
ﬁrst two years of natural depletion. The injection comprises
12 cycles of one-month gas injection and two months of back
production of oil for each cycle (four per year). The well then
continued to produce under natural depletion for a further
ﬁve years.
It was observed that if no EOR were applied to the reservoir,
a low primary recovery factor would be achieved. The results
also show that the gas injection is suitable for the tight
environment, as total production has increased signiﬁcantly,
from 100,000 to 153,000 stbbls until the end of injection time
or increased from 140,000 to 165,000 stbbls as the ultimate
total oil production over ten years.
Moreover, two diﬀerent completions namely - conventional
and advanced completions - were investigated to improve the
recovery from this reservoir when gas huﬀ & puﬀ was applied.
The volume of injected gas (720 mmscf) and the ultimate well
production time (ten years) were assumed ﬁxed for all the
cases to properly compare the diﬀerent scenarios.

The study found total oil production from the well could be
signiﬁcantly increased using advanced completion while
decreasing the total gas production from the well.
For example, the cumulative produced oil increases by 37%
with EOR and AICD completion together compared to 18%
with EOR and a conventional completion. AICD completions
reduced total gas production by 6% over the lifetime of the
well and notably, during the three years of the huﬀ & puﬀ
process. These results are due to AICDs keeping more gas in
the reservoir. An increased reservoir pressure nearby the well
is achieved while the injection pressure is almost constant
throughout the injection periods.
AICD completions also keep CO2 in contact with oil for a
longer period resulting in more exchange of components
between oil and CO2 and subsequently decreased oil density.
The autonomous devices, therefore, balance the production
from each zone.
Notably, the study shows that the well with a conventional
completion requires the injection of more volume of gas (~2
times) than the AICD well to pressurize the well and deliver
the target pressure. Economically, this saves a huge injection
cost for the advanced completion method.
Thus far, this advanced completion method has been applied
to a highly heterogeneous model with varying fracture lengths
along the wellbore. A small uncertainty study was also
undertaken to analyse how the advanced completions would
perform in models with varying initial reservoir pressure,
fracture lengths and huﬀ & puﬀ schedules compared to
conventional completions. Here, the AICD completion design
was kept the same during the uncertainty analysis but can be
tailored to deliver optimum performance.

Conclusions

The study by Tendeka has demonstrated how advanced
completion technology can be applied to balance the
distribution of gas injection along the length of the wellbore
and help control the early back-production of gas in a huﬀ &
puﬀ gas EOR process for unconventional oil recovery.
ICDs and AICDs appear to improve the recovery eﬃciency of
the huﬀ & puﬀ gas EOR process while mitigating the impact of
reservoir uncertainties.

The advanced well completion is designed based on the
location of the hydraulic fractures. Therefore, the well is
segmented into six zones by the placement of ﬁve packers.
This allows control of individual fracture through the
installation of twelve 5mm AICDs (two at each zone).

Research also shows that advanced completions can deliver
added value to a huﬀ & puﬀ project if multiple miscibility
contacts are encountered because the advanced completion
keeps the gas in the reservoir, allowing it to develop miscibility
with interstitial oil.

The wellbore also has six bypass injection valves (one at each
zone) to allow the injection of gas from inside the tubing to
the reservoir.

While increased cumulative oil production can be achieved
with advance completions, the use of the completion
minimizes the requirement of long soaking periods and
reduces the volume of injection gas required. Hence, more
economical production could be achieved from the huﬀ & puﬀ
process.

A uniform design of the AICD completion is used to optimize
the well performance. However, the oil rate production proﬁle
from the well with AICDs is superior compared to the proﬁle
from the conventional completions where the same total
volume of CO2 (720 mmscf) is injected into the well.
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