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Abstract
With the development of smart downhole control devices, such as the electric flow control valve (FCV), research on comple-
tion optimization using FCV control is gaining traction for successful field production management. Applying and verify-
ing its applicability to actual assets with uncertain production issues occur are important. This study focuses on managing 
downhole devices to optimize fluid production in an actual onshore oil field in Alberta, Canada. The target field has been in 
production operation for over 20 years, and water flooding was used in the early stages of production to maintain reservoir 
pressure. However, according to the flow characteristics of the field, water injection caused a high water-cut issue due to 
water channeling. To mitigate the problem, proactive and reactive strategies were investigated to optimize FCV control. 
Additionally, the effect of completion optimization was estimated considering both the field-level economic value and the 
fluid production behavior at the device level. In most optimization cases, the cumulative water production could be reduced 
compared with the base case without valve control. Notably, the flow-balancing strategy increased the revenue of the target 
field by approximately 23 MM$ by maximizing oil production and suppressing water production. However, reactive and 
streamline-balancing strategies, which directly control and delay water production, undermined the economic value due to 
the decrease in oil production. The findings imply that FCV control strategy of suppressing only water production for the 
field with high water-cut could not be the optimal solution considering the reduction in oil production and the field’s revenue. 
The results of this study could be used as a reference to optimize downhole devices when applying water flooding in fields 
where high water-cut is expected.
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List of symbols

Latin letters
BF  Balancing factor for zonal production rate
Cg  Gas processing cost
Cw  Water processing cost
n  Number of flow control valves

NCF  Net cash flow
NPV   Net present value
Qg  Surface gas production rate at flow control valve
Qo  Surface oil production rate at flow control valve
Qres  Calculated zonal production phase flow rate
Qt

res
  Target zonal production phase flow rate

Qw  Surface water production rate at flow control valve
PV   Present value
R  Discount rate
s  Distance along the streamline corresponding to the 

coordinate
v  Flow velocity
WF  Weighting factor for flow control valve
x  Vector of flow control valve settings

Greek letters
�  Coordinate along a streamline
�  Time of flight
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Acronyms
ACO  Advanced completion optimization
Cum.  Cumulative
FCV  Flow control valve
NPV  Net present value
OPR  Oil production rate
TOF  Time of flight
WPR  Water production rate

Introduction

Field development strategy significantly impacts the recov-
ery factor of oil-in-place volume. This concept incorporates 
hundreds of decisions to obtain economic success pertaining 
to various influential factors, such as the number of produc-
tion and injection wells, field production rates, well operat-
ing conditions, and the location of the wells. After a primary 
recovery period based on natural reservoir pressure, the 
strategies for secondary recovery, such as water injection, 
are also important to enhance recovery. For the secondary 
scheme, the operational conditions of production wells have 
a significant influence on the recovery factor because high 
water-cut by water injection can reduce the overall economic 
indicators of the field that has been previously abandoned 
and can aggravate environmental issues. Particularly, both 
preliminary and instantaneous studies are necessary to pre-
vent the water channeling problem, causing the sweep effi-
ciency to decrease. Therefore, optimizing well operations 
such as opening and/or closing well and adjusting the flow 
control valves for successful field management is important.

Recent studies on smart field management aim to opti-
mize not only at the well level but also at the device or com-
pletion level within the same well (Ahmed et al. 2018, 2019; 
Tahir et al. 2019). This detailed optimization is a key ele-
ment of the digital oil field that controls in-situ equipment, 
for example, the flow control valve (FCV), by remotely 
monitoring and analyzing the well conditions in real time 
(Chai et al. 2014). Furthermore, passive FCVs allow the 
same production rate for each zone, while active valves 
can be remotely controlled to optimize a production plan 
(Grebenkin and Davies 2012). When optimizing many vari-
ables related to FCVs, complex and nonlinear problems are 
encountered.

However, if numerous downhole devices are optimized 
over several decades of the production period, reservoir 
simulation that can provide basic data for the field develop-
ment plan is extremely costly (Grebenkin and Davies 2012). 
For example, more than 70,000 variables were optimized in 
the Olympus benchmark challenge: 18 wells during 20 years 
with an interval of 3 months (Fonseca et al. 2018). There-
fore, a computationally efficient algorithm is necessary 
for efficient device-level smart management. In the study 

conducted by Ahmed et al. (2019), 240 variables in total, 
8 wells with three FCVs during 5 years with an interval 
of every 6 months, were optimized by local optimization 
based on a flexible control strategy (See Sect. "Description 
of reservoir modeling"). They emphasized the importance 
of optimization cost for the high-frequency operation of the 
FCV. Particularly, they used 100 reservoir models, consider-
ing uncertainty in the geological model and the exceedingly 
large number of reservoir simulations required for global 
optimization methods. If there are m variables for each time 
step and n optimization time steps, then the global (or long-
term) optimization has m × n variables. In this case, a full 
reservoir simulation is required for each iteration. However, 
local (or short-term) optimization considers only m variables 
during a single simulation time step. Therefore, it requires 
only a single reservoir simulation. Hence, local optimization 
is advantageous to the efficiency in terms of the number 
of reservoir simulations with multiple control actions and 
flow constraints in each time step (Ahmed et al. 2019; Al-
Aghbari et al. 2022; Litvak et al. 2011; Wang and Litvak 
2008). Although it does not guarantee the global optimum, 
superior results were obtained compared with those of the 
non-optimization case (Ahmed et al. 2019). Particularly, 
local optimization is suitable for smart well optimization, 
and well rate allocation because of its efficiency. In addition 
to the local optimization of FCVs in well management, it is 
also applied to gas lifting optimization (Jeong et al. 2021).

Previous studies have proposed efficient optimization 
methods for FCV control (Ahmed et al. 2019; Barghouti 
et al. 2021; Chan et al. 2014; Dossary et al. 2012; Erlandsen 
2000; Glandt 2005; Huang et al. 2011; Mubarak et al. 2008). 
Although a few studies applied FCV to an actual field, 
most of the previous studies aimed to verify the optimiza-
tion methodology on simulated field cases. Presenting the 
application guidelines through a detailed analysis of actual 
field data considering production issues is necessary. This 
study’s target field, an onshore oil field in Alberta, Canada, 
has produced oil with water flooding operations to support 
reservoir pressure. However, it demonstrates extremely high 
water-cut because of unexpected connectivity between the 
production and injection wells owing to high heterogeneity 
(See Sect. "Description of the target field"). We focused on 
the economic evaluation of the effectiveness of downhole 
device management in the Canadian onshore field. In addi-
tion, the effects of the FCV optimization were analyzed in 
detail based on the fluid production behavior from the field 
level to the device level. The simulation results obtained for 
the various completion optimization strategies were com-
pared to suggest a suitable strategy for the target field with 
the risk of high water production.

The remainder of this paper is structured as follows: In 
the methodology section, the current state of the target field 
is reviewed, including the settings of FCVs; furthermore, 
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the optimization strategies to be applied are discussed. In the 
result section, the effect of advanced completion optimiza-
tion is demonstrated, and the simulation results according to 
the optimization strategies are compared. For all cases, the 
net present value (NPV) is considered to indicate the best 
practice for the target field.

Methodology

Description of the target field

The target field, an onshore oil reservoir in Alberta, was 
developed in 1971, and water flooding was conducted to 
maintain the reservoir pressure after 1975. It continues to 
produce oil, but it exhibits an extremely high water cut. Fig-
ure 1 depicts a typical example of the production history 
of the producer from February 1975 to March 2018. The 
cumulative water production increases relative to the nearly 
converging cumulative oil production with more than 90% 
water cut.

The original development plan was implemented; accord-
ingly, the water injection wells were located in the southeast 
with a relatively deep reservoir depth, and some production 
wells were converted into injection wells. However, the field 
economy is still weak owing to high water cuts. Therefore, 
to restrain water production, completion optimization is 
considered.

In this study, it is assumed that FCVs are installed for 
each production well in the sector area of the field, and we 
optimized their openings to maximize NPV. Through this, 
using downhole devices, we intend to understand whether 
economic improvement is significant in small and medium-
sized Canadian onshore fields; furthermore, we investigate 
the suitable optimization strategy for controlling smart 

valves. Additionally, we test the state-of-the-art optimization 
technique for the target field to reduce the simulation cost.

Description of reservoir modeling

Seismic data of the target field was not available to deter-
mine the minimum grid size in the horizontal direction. 
Without seismic data, finer-scale models cannot repre-
sent the heterogeneity of reservoir properties. Therefore, 
the number of grids in the X, Y, and Z directions were 
17, 17, and 35, respectively, and the size of each grid 
was 100 m × 100 m × 0.7 m, considering the computing 
resources. In the case of reservoir simulation where com-
plex multiphase fluid behavior occurs, such as enhanced oil 
recovery simulation, grid size should be much finer to cap-
ture characteristics of sweep efficiency (Sabirov et al. 2020). 
However, for water flooding without the use of chemicals 
(similar to this study), less refined grid systems would be 
sufficient (Chen et al. 2010; Christie 1996; Horritt and Bates 
2001).

Figure 2 shows the distribution of porosity and perme-
ability with the location of wells. The four production wells 
are located in the northwest of the field, and the single water 
injection well is located in the southeast of the relatively 
deep deposit. The means of the porosity and permeabil-
ity models are 6.9% and 848.6 md, but the permeability is 
highly heterogeneous, with a large standard deviation of 
3034 md. The horizontal permeability was assumed to be 
isotropic in the X and Y directions, and the vertical per-
meability was set to 10% of the horizontal permeability. In 
the case of the porosity model, a machine learning-based 
pseudo-density log was generated from the sonic log, and the 
12 pseudo-density logs were employed on hard data (Kim 
et al. 2020). The reservoir property modeling described 
above was performed using E&P Software Platform Petrel 
(Schlumberger 2020a, b).

Fig. 1  Production history for 
an oil producer 100/12–08-
087-XXXXX from the target 
field, showing an increase of 
up to 90% in water-cut (Cum.: 
Cumulative)
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Flow control valve management strategy

Figure 3 depicts the location of automatic FCV for the 
four production wells in our target field. Depending on the 

available core permeability data, two to three FCVs were 
installed with a packer. Considering an optimized FCV 
control, the multi-segmented well model (Holmes et al. 
1998) was employed. The valve opening represented as the 

Fig. 2  Distribution of reservoir 
a porosity and b permeability 
with the location of the five 
wells
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fractional open area is a controllable parameter when per-
forming FCV optimization.

FCV was optimized using the following approaches: 
rigid and flexible strategies. A rigid control can be eas-
ily used for flow simulation owing to the predetermined 
explicit controllability at a specific time step without addi-
tional factors (Ahmed et al. 2019). In contrast, a flexible 
control enables the devices to operate in a proactive and/
or reactive optimization manner according to the prede-
termined rule-based strategies (Kuk et al. 2021). The lat-
ter is useful for controlling the operational conditions in 
real time, such as the valve opening of a production well 
in response to the observed data, such as the water cut 
or oil production rate. Consequently, local optimization 
can be easily applied to flexible control, thereby reducing 
the simulation cost for deriving an optimal solution. In 
addition, it can be more effectively applied as an opti-
mization method of FCV to an actual field because the 
recently manufactured all-electric FCV can transmit data 

at a frequency higher than that of the conventional hydrau-
lic FCV. Therefore, a flexible control strategy applicable at 
the device level was employed for optimizing production 
in the target field in this study.

A proactive approach in the flexible optimization strat-
egy is to increase the sweep efficiency by delaying the 
entry of unwanted fluid, while a reactive approach is to 
maximize oil production based on the current status of 
inflow for each zone, such as the indicator of water cut 
and gas oil ratio (Grebenkin and Davies 2012). Figure 4 
is a conceptual diagram illustrating flow balancing and 
streamline balancing, which are representative strategies 
of proactive optimization.

Flow balancing indicates the balancing of the flow contri-
bution of each completion to prevent sudden water produc-
tion increase owing to biased production at a certain com-
pletion. We control the openings of FCVs, x , for obtaining 
similar production rates for multiple completions using the 
following objective functions:

Fig. 3  Locations of FCVs for a P1, b P2, c P3, and d P4 production wells

Fig. 4  Conceptual diagrams for a flow balancing and b streamline balancing strategies



 Journal of Petroleum Exploration and Production Technology

1 3

where x is the vector of flow control device settings, n is the 
number of flow control devices, BF is the zonal production 
rate balancing factor that could be a user-defined ratio or the 
zonal permeability perforation length, for each flow control 
device, Qres is the calculated zonal production phase flow 
rate for a flow control device, and Qt

res
 is the target zonal 

production phase flow rate for a flow control device.
Streamline balancing slows down water breakthrough 

using the streamline. Through streamlined simulation 
(Thiele et al. 2010), we can calculate the time of flight (TOF) 
from an injector to the producer using Eq. 3.

where � is the coordinate along a streamline, s is the distance 
along the streamline corresponding to the coordinate, and v 
is the flow velocity.

TOF is an indicator used to estimate the time point of 
water breakthrough at the producer. FCV is opened to 
increase TOF from an injector until each completion. Fig-
ure 5 shows an example of the streamlined distribution used 
to determine the opening of FCV. With streamline-based 

(1)f (x) =

n
∑

i=1

(

Qt
resi

− Qresi

Qt
resi

)2

,

(2)Qt
resi

=
BFi

∑n

j=1
BFj

n
�

j=1

Qresj

(3)�(s) =

s

∫
0

d�

v(s)
,

balancing, streamlines are distributed in wider ranges 
that result in higher sweep efficiency and delayed water 
breakthrough.

Different from proactive optimization, reactive opti-
mization controls the FCVs to curtail the production of 
unwanted fluids directly. The reactive optimizer typically 
uses a fiscal calculation algorithm that considers the oil 
prices and water/gas treatment costs. Because the FCVs 
are controlled to maximize revenue based on the sales and 
processing costs of each fluid, optimization is performed 
to minimize the objective function shown in the following 
equation. Because gas is not produced in our target field in 
this study, Qg and Cg are not considered.

where x is the vector of the FCV settings, n is the number 
of FCVs, WF is the weighting factor for FCV, Po is the oil 
price, Qo is the surface oil production rate for FCV, Cw is the 
water processing cost, Qw is the surface water production 
rate for FCV, Qg is the surface gas production rate for an 
FCV, and Cg is the gas processing cost.

Nonlinear programming optimization is employed to 
minimize the objective function used in the proactive 
and reactive optimization strategy with multiple linear 
and nonlinear constraints. On the one hand, typical linear 
constraints include the minimum and maximum opening 
valve sizes of FCVs. The maximum opening value is typi-
cally set to 1, indicating a fully open state, but the mini-
mum opening values may vary depending on the device 

(4)f (x) = −

n
∑

i=1

WFi

(

PoQoi
− CwQwi

− CgQgi

)

,

Fig. 5  Comparison of stream-
line distribution using a stream-
line balancing strategy and b 
without optimization
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specifications or field production plans. On the other hand, 
nonlinear constraints typically include the maximum pres-
sure drop in devices and minimum bottom hole pressure. 
These constraints are set in well modeling for reservoir 
simulation.

Economic evaluation of optimization strategy

We used the net present value (NPV) for economic evalu-
ation to compare the effects of completion optimization 
strategies in the target field. NPV can be computed by the 
summation of the present values (PVs) of the annual net 
cash flows of the same equity. NPV considers the time 
value of money to appraise long-term projects. Annual 
cash flow comprising the revenue, cost, profit sharing, and 
tax is discounted to its present value at a certain time using 
Eq. 5.

where PV is the present value, NCF is the net cash flow, n is 
the number of years to be discounted, and R is the discount 
rate.

(5)PV = NCF∕(1 + R)n

For the calculation of NCF , we consider the revenue 
from oil sales and the treatment cost of gas and water for 
reinjection. With the discount rate and total period of the 
project (N) provided, NPV can be computed by the sum of 
this PV, as shown in Eq. 6.

Table 1 shows the factors for NPV calculation, such as 
the product price and processing cost.

Results and discussions

Effect of advanced completion optimization

First, we compared the simulation results of the cases 
without FCV control and with FCV control to examine the 
effects of optimization strategies applied to the target field 
with the risk of production of large amounts of water. In 
this study, the case with FCV control is indicated by the 
term advanced completion optimization (ACO), while the 
base case does not employ ACO. All the reservoir simulation 
runs applied to the optimizations were performed using the 
high-resolution reservoir simulator (Schlumberger 2020a, b).

As described in Sect. "Description of reservoir mod-
eling", there are various optimization strategies for con-
trolling FCVs. Among them, the most effective optimiza-
tion strategy in the field is flow-balanced optimization. 
In this section, we compare the overall performance with 
and without ACO based on the field's cumulative oil and 
water production. Figure 6 shows the field’s cumulative oil 
and water productions and field water-cut according to the 

(6)NPV =

N
∑

n=0

NCF∕(1 + R)n

Table 1  Economic assumptions for net present value (NPV) calcula-
tion

Name Value

Discount rate (%) 10
Oil price ($/bbl) 80
OPEX Water processing cost ($/bbl) 2

Water injecting cost($/bbl) 2
CAPEX Drilling cost (MM$/well) 1

FCV installing cost (MM$/valve) 0.1

Fig. 6  Comparison of the field’s a cumulative liquid production and b water-cut between the base and advanced completion optimization (ACO) 
cases
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production period. With ACO employed, the field’s cumu-
lative oil production is 4.53 MMSTB, producing approxi-
mately 0.52 MMSTB (13% increase) more oil than the 
base case. The field’s cumulative water production is 2.87 
MMSTB, indicating approximately 0.48 MMSTB (20% 
decrease) less water production than the base case.

Additionally, the field-level effect of advanced comple-
tion can be confirmed through a comparison of the field 
water cut, as shown in Fig. 6b. In the base case, all produc-
tion wells were finally closed, and field production ended 
after reaching the water cut limit of 0.75 in 2031. In con-
trast, fluids were continuously produced without exceeding 
the water cut limit in the ACO case. The water cut drasti-
cally decreased in 2024 and 2031 in the base case and 2022, 
2027, and 2032 in the ACO case, as shown in Fig. 6b. This 
is due to production stoppage when each well’s water cut 
limit was reached. Applying ACO does not directly optimize 
the behavior of the field-scale fluid but optimizes the well-
scale fluid production with the installation of an FCV and 
increases the total oil production from the field. Therefore, 
we compared the production rates of oil and water corre-
sponding to each device in the ACO case to analyze its effect 
in depth.

Figure 7 shows the production rates of water and oil cor-
responding to each device of the wells. The left side (Fig. 7a, 
c, e, g) represents the results of the base case simulation, and 
the right side (Fig. 7b, d, f, h) represents the results of the 
ACO case. In the base case, the majority of oil is produced 
for the second device of the P3 production well at the begin-
ning of the production period. The oil production rate for the 
device is 944 STB/d (≈ 150  Sm3/d), which is the maximum 
rate for a single production well. Additionally, considering 
that the maximum oil handling capacity of the field is 1,888 
STB/d (≈ 300  Sm3/d), the oil rate in the P3 well accounts 
for 50% of the total field oil rate, implying that field oil 
production is highly dependent on a single production well. 
However, the water production rate for the device increases 
rapidly as oil production continues, and the P3 well will 
finally be shut down in 2024. After P3 well is shut down, 
the oil production rates in the P1 and P4 wells will increase 
instantaneously, and the water production rates will begin 
to increase in the corresponding production wells; in fact, 
all the production wells will finally be closed around 2031. 
Moreover, in the case of ACO applying the flow-balanced 
optimization strategy, the opening of FCV in the zone with 
a high production rate is reduced, and the opening of FCV in 
the zone with a low production rate is increased to balance 
the oil production rate in each production well. At this time, 
FCVs are adjusted in the range between 0.001 and 1.

Figure 8 shows the valve control results for each device. 
As a result of the optimization of FCVs in the P3 well that 
demonstrated the highest oil production rate, the opening 
value of the second device is simultaneously reduced to 

0.001 with the onset of production, significantly reducing 
the oil production rate. Because the valve opening value in 
the second device is adjusted to the minimum, the water 
breakthrough is delayed. However, the water production rate 
increases rapidly as the water production starts, and the sec-
ond device is shut down earlier than that in the base case. 
Nevertheless, the first device is not shut down even though 
the second and third devices are shut down early because 
the water production rate increases in the P3 well, as shown 
in Fig. 8c.

Meanwhile, in the case of the base case simulation, all the 
devices in the production wells are not controlled; thus, they 
are fully open. Therefore, the device in the P3 well is shut 
down when the water cut of the second device reaches 0.75. 
The completion optimization is applied in the same manner 
in the other production wells (Fig. 8), and the changes in oil 
and water production rates according to the device optimiza-
tion are shown in Fig. 7. As analyzed thus far, oil production 
decreases because of the device adjustment of the P3 well 
that significantly increases the production rates of the other 
production wells. Particularly, the oil production rates of 
the P2 well increase significantly, which can be confirmed 
by comparing Fig. 7c, d. This change in production rates is 
the result of the application of ACO, with the flow-balanced 
strategy complexly affecting the fluid flow characteristics 
in the reservoir and the production conditions of the field.

Therefore, the cumulative oil and water productions for 
each well vary depending on whether the completion opti-
mization is applied (Fig. 9). For the change in cumulative 
production for each well, the cumulative oil productions of 
P1 and P3 wells decrease. However, the cumulative water 
production decreases further owing to the optimization. In 
addition, in the case of P2 and P4 wells, the cumulative oil 
and water productions increase significantly compared with 
the base case. In particular, the cumulative oil production 
of the P2 well increases more than 10 times. Overall, as 
can be observed from the field’s cumulative oil and water 
productions in Fig. 6, more oil can be produced while reduc-
ing water production by applying optimization. Thus, we 
calculate and compare NPV based on the cumulative oil and 
water productions to determine the effect of smart comple-
tion as the economic value. As a result, the NPV of the ACO 
simulation was approximately 23 MM$ higher than that of 
the base case. Accordingly, it is possible to confirm the eco-
nomic improvement with ACO applied to the target field.

Comparison of the completion optimization 
strategies

The completion optimization of the device units affects 
the oil and water production rates in each well but does 
not directly optimize the field-level fluid production. 
Nevertheless, the changes in the fluid production rates of 



Journal of Petroleum Exploration and Production Technology 

1 3

wells according to the adjustment of each device facili-
tate obtaining different results based on complex interac-
tions with the fluid flow characteristics of the reservoir. 
In addition, it is possible to plan an economical produc-
tion scenario for the target field, as shown in Fig. 6. The 
result of ACO might vary depending on the optimization 
strategy and the controllable opening range of the valves. 
Therefore, a comparison analysis for related strategies 

and parameters is performed to determine an appropri-
ate FCV setting to maximize the NPV of the field. Fur-
thermore, the optimization result may vary depending on 
the field constraints, such as the maximum oil and water 
treatment capacity of the field and the field water cut; 
nonetheless, in this study, we used the fixed field con-
straints of the field.

Fig. 7  Comparison of oil production rate (OPR) and water production rate (WPR) of production wells for each device between base and ACO 
cases
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Proactive strategy: flow balancing versus streamline

As mentioned earlier in the methodology section 
(Sect. "Methodology"), there are two main strategies of 
proactive optimization for delaying water production. The 

first strategy is flow balancing, which directly equalizes the 
production rate of fluids. The second strategy is streamlin-
ing, which slows down the water breakthrough. Different 
from the first strategy, it calculates and equalizes TOF. In 

Fig. 8  Results of valve settings for each device with ACO applied to a P1, b, P2, c P3, and d P4 production wells

Fig. 9  Comparison of cumulative oil and water productions of a P1, b P2, c P3, and d P4 production wells between the base and ACO cases
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this study, these strategies are applied to the target field to 
compare the two types of proactive optimizers.

The field’s cumulative oil and water productions are com-
pared with those of the base case, as presented in Table 2 
and Fig. 10. As a result, the cumulative field oil produc-
tions of the ACO cases are higher, while the cumulative field 
water productions are lower than that of the base case. Both 
strategies are effective in delaying water production, which 
is the main objective of the proactive optimizer. Particularly, 
in the case of the streamline optimizer, the cumulative field 
water production is the smallest until 2036. However, as a 
result of delaying the water production in the target field 
with a high water cut, the field oil production also decreased, 
as shown in Fig. 10a. Even by 2036, the cumulative field oil 
production will be lower than that of the base case, and NPV 
will be the lowest among the three cases.

Moreover, in the case of the flow balancing optimizer, 
rather than directly delaying water production, it controls 
the indirect effect of focusing on the equalization of liquid 
production. Consequently, until 2036, the water production 
is expected to be slightly higher than that of the case apply-
ing the streamline, but it is possible to suitably optimize 
the liquid production by increasing the oil production com-
pared with the base case. In these comparisons, the results 
according to the water production delay for both strategies 
are significant when comparing the NPV. Accordingly, we 
have confirmed that the flow balancing strategy is more 

appropriate than the streamlined strategy in the field with 
high water-cut flow behavior.

Application of reactive strategy

Strategies for FCV optimization are typically classified 
into proactive and reactive according to the optimization 
approach. In the application of such strategies, a single- or 
hybrid-type optimizer may be used. When a hybrid-type 
optimizer is applied, it functions by switching according to 
the field constraints modeled. In this study, the proactive 
optimizer, which is the initial FCV optimizer, is switched to 
the reactive optimizer when the field water-cut exceeds 0.5. 
Table 3 and Fig. 11 show the simulation results with and 
without the reactive optimizer applied. In addition, when a 
hybrid-type optimizer is used, the flow balancing optimizer 
is used as a proactive optimizer that has high economic effi-
ciency, as analyzed in Sect. "Proactive strategy: Flow bal-
ancing versus Streamline". As a result of FCV optimizations 
using a single-type optimizer, the cumulative oil production 
is higher, and the cumulative water production is lower than 
that of the base case in both cases. However, until 2035, the 
NPV with the reactive optimizer is expected to be lower than 
that of the base case due to low oil production. Furthermore, 
a hybrid-type optimizer shows a production trend different 
from that of the case using only the proactive optimizer from 
the time the field water-cut reached 0.5. It is relatively less 
economical when comparing the NPV.

Table 2  Results of applying the 
proactive optimizer

Proactive optimizer Field’s cumulative oil pro-
duction (MSTB)

Field’s cumulative water pro-
duction (MSTB)

NPV(MM$)

Base (No control) 4012.90 3246.77 203.14
Flow balancing 4527.63 2871.02 226.13
Streamline 4169.34 3123.98 188.88

Fig. 10  Comparison of the field’s cumulative a oil and b water production results according to the application of the proactive optimizer
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Considering these results, the optimization based on the 
reactive approach is ineffective compared with that based on 
the proactive approach, that is, flow balancing, in the target 
field. Although reactive optimization is widely considered an 
appropriate strategy to limit water production in the field, it 
causes a decrease in oil production and adversely affects the 
economics of field production. In addition, the uneconomi-
cal liquid production trends relative to the production in the 
base case are similar to the results of the streamline opti-
mizer case analyzed in the previous section. Although the 
streamline and reactive approaches optimize the FCVs dif-
ferently, water production is the main control target with dif-
ferent parametric indicators, such as the water breakthrough 
time or production quantity. Moreover, the flow balancing 
approach controls water production indirectly because it is 
regulated in the process of equalization of liquid production.

Flow control valve minimum opening size

Depending on the type of optimization strategy employed, 
the minimum opening size of FCV is also an important 
factor for advanced completion owing to the balancing of 
the oil production in each well. To analyze its effect, we 
compare the results for three minimum opening sizes as 
presented in Table 4 and Fig. 12. Therefore, the highest 
cumulative oil production and NPV were obtained when 
the minimum opening value of FCV was set to 0.001. 

This setting value is the minimum opening size that can 
be set in well completion modeling, and it is almost simi-
lar to the closed state because only 0.1% of the valve is 
opened. In addition, the cumulative oil production tends to 
decrease as the minimum opening value increases. From 
these results, it can be confirmed that the more rigorous 
the flow control of the fluids, the more positive results 
through completion optimization are obtained. However, 
in the case of cumulative water production, owing to the 
mixed results shown in Table 4, there is no specific ten-
dency observed based on the size of the FCV.

As assumed in Table 1, because the oil price is higher 
than the cost of water injection and processing, the smaller 
the minimum opening size, the higher the oil production and 
the higher the profits of the field. Nevertheless, water pro-
duction must also be considered to accurately evaluate the 
economic feasibility of the field. Therefore, the minimum 

Table 3  Results of application 
of the reactive optimizer

Optimizer Field’s cumulative oil pro-
duction (MSTB)

Field’s cumulative water 
production (MSTB)

NPV(MM$)

Base (No control) 4012.90 3246.77 203.14
Proactive optimizer 4527.63 2871.02 226.13
Reactive optimizer 4267.98 3090.39 199.15
Hybrid optimizer 4453.73 3048.08 221.10

Fig. 11  Comparison of the field’s cumulative a oil and b water production results according to the application of the reactive optimizer

Table 4  Results with different minimum FCV opening sizes

Valve opening Field’s cumula-
tive oil production 
(MSTB)

Field’s cumulative 
water production 
(MSTB)

NPV(MM$)

0.001 4527.63 2871.02 226.13
0.005 4470.63 3571.63 221.01
0.05 4381.70 2867.11 219.76
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opening size of FCVs should be set by comparing the opti-
mization results according to the various settings.

Conclusions

Studies on smart field management using downhole devices 
have increased recently. This research focuses on the man-
agement of flow control valve (FCV) for optimizing the fluid 
production of an actual onshore field in Alberta, Canada, 
with a high water-cut problem. The study investigated pro-
active and reactive strategies, including flow-balancing and 
streamline strategies and a hybrid of the proactive and reac-
tive strategies. A sensitivity analysis for the minimum valve 
opening size was conducted. Detailed analysis from the field 
level to the device level confirmed that the adjustment of 
each FCV enables complex interaction with the fluid flow 
characteristics of the reservoir and production scenario. A 
summary of the main findings is as follows:

(1) As a result of FCV optimization based on the flow-bal-
ancing strategy, the revenue of the target field increased 
by approximately 23 MM$ by maximizing oil produc-
tion and suppressing water production. In addition, by 
controlling FCVs, the oil production of most wells was 
maintained longer than that of the base case due to the 
delay in time to reach the well water-cut limit.

(2) In most optimization cases, including proactive and 
reactive strategies, the cumulative water production 
could be reduced compared with the base case. Never-
theless, each case does not always positively affect the 
field’s economic feasibility. The streamline-balancing 
and reactive strategies, which directly involve water 
control, may cause a decrease in oil productivity and 
undermine the economic feasibility of the field with the 
risk of high water-cut during water flooding.

(3) The sensitivity analysis for minimum valve opening 
size confirmed that the rigorous flow control of the flu-
ids had a significant positive effect on the oil produc-
tivity of the well. Nevertheless, because the amount of 
water produced was uncertain according to the size, the 
appropriate size must be set to maximize the economic 
value of the field.

The following issues can be considered in future studies:

(1) The reservoir model and production scenario used in 
this study were established based on a sector model of 
the actual field, not the entire field. In future studies, 
completion optimization can be applied to the full-field 
production scenario of the target field.

(2) The effects of FCV optimization can be analyzed in 
the fields considering complex fluid behaviors in the 
three phases (oil, gas, and water) or various production 
problems such as flow regime issues.

The results of this case study of completion optimization 
in an actual Canadian field could be used as a reference to 
optimize downhole devices when applying water flooding in 
fields where high water-cut is expected.

Author contributions SA contributed to writing—original draft prep-
aration, conceptualization, methodology, software, formal analysis, 
visualization. KL contributed to writing—original draft preparation, 
methodology, software, investigation, visualization. JC contributed to 
validation, writing—review and editing. DJ contributed to conceptual-
ization, resources, writing—review and editing, supervision.

Funding This study was supported by the basic projects of the Korea 
Institute of Geosciences and Mineral Resources (KIGAM; GP2021-
007), funded by the Ministry of Science and ICT of Korea and the 
National Research Foundation of Korea (NRF) grant funded by the 
Korean government (MSIT) (No. 2021R1C1C1004460). This work 

Fig. 12  Comparison of the field’s cumulative a oil and b water production results according to the minimum FCV opening size



 Journal of Petroleum Exploration and Production Technology

1 3

was also supported by the Energy & Mineral Resources Development 
Association of Korea (EMRD) grant funded by the Korean govern-
ment (MOTIE) (Data science-based oil/gas exploration consortium, 
2021060001, 20%). The authors thank the Research Institute of Energy 
and Resources at Seoul National University and appreciate Schlum-
berger for providing their reservoir simulation software package.

Declarations 

Conflict of interest The authors have no competing interests that are 
relevant to the content of this article.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Ahmed EM, Tokin T, Watanabe S, Abbas H, Bratvedt F, Goh G, Got-
tumukkala V, Giddins MA (2018) Employing smart flow control 
valves for fast closed-loop reservoir management. In: Abu Dhabi 
international petroleum exhibition and conference. Abu Dhabi, 
UAE, 12–15 November. https:// doi. org/ 10. 2118/ 192926- MS

Ahmed EM, Ali S, Giddins, MA (2019) Efficient optimization of field 
management strategies in reservoir simulation, In: SPE reser-
voir characterisation and simulation conference and exhibition. 
Abu Dhabi, UAE, 17–19 September. https:// doi. org/ 10. 2118/ 
196662- MS

Al-Aghbari M, Al-Wadhahi M, Gujarathi AM (2022) Multi-objective 
optimization of Brugge field for short-term and long-term water-
flood management. Arab J Sci Eng 47:11069–11087. https:// doi. 
org/ 10. 1007/ s13369- 021- 05614-7

Barghouti AR, Javed MI, Al-Shuwaier SA (2021) Innovative method 
to optimize down hole control valves by well modeling. In: SPE 
Europec featured at 82nd EAGE conference and exhibition. 
Amsterdam, Netherlands, 18–21 October. https:// doi. org/ 10. 2118/ 
205115- MS

Chai CF, Van Den Berg F, Engbers P, Sondak G (2014) Smart fields-10 
years of experience in intelligent energy and collaboration. In: 
SPE intelligent energy conference and exhibition. Utrecht, Neth-
erlands, 1–3 April. https:// doi. org/ 10. 2118/ 167872- MS.

Chan KS, Masoudi R, Karkooti H, Shaedin R, Othman MB (2014) Pro-
duction integrated smart completion benchmark for field re-devel-
opment. In: International petroleum technology conference. Doha, 
Qatar, 19–22 January. https:// doi. org/ 10. 2523/ IPTC- 17220- MS

Chen S, Li H, Yang D, Tontiwachwuthikul P (2010) Optimal para-
metric design for water-alternating-gas (WAG) process in a 
 CO2-miscible flooding reservoir. J Can Pet Technol 49:75–82. 
https:// doi. org/ 10. 2118/ 141650- PA

Christie MA (1996) Upscaling for reservoir simulation. J Pet Technol 
48:1004–1010. https:// doi. org/ 10. 2118/ 37324- JPT

Dossary FM, Dawsari SA, Anazi RS (2012) Production gain and 
optimization through the implementation of smart well comple-
tion technology in Saudi Aramco, case study. In: SPE intelligent 

energy international. Utrecht, Netherlands, 27–29 March. https:// 
doi. org/ 10. 2118/ 150369- MS

Erlandsen SM (2000) Production experience from smart wells in the 
Oseberg field. In: SPE annual technical conference and exhibi-
tion. Dallas, Texas, USA, 1–4 October. https:// doi. org/ 10. 2118/ 
62953- MS

Fonseca R, Rossa DE, Emerick A, Hanea R, Jansen J (2018) Over-
view of the olympus field development optimization challenge. 
In: ECMOR XVI-16th European conference mathematics of oil 
recovery. Barcelona, Spain, 3–6 September. https:// doi. org/ 10. 
3997/ 2214- 4609. 20180 2246

Glandt CA (2005) Reservoir management employing smart wells: a 
review. SPE Drill Complet 20:281–288. https:// doi. org/ 10. 2118/ 
81107- PA

Grebenkin I, Davies DR (2012) A novel optimisation algorithm for 
inflow control valve management. In: SPE Europec/EAGE annual 
conference. Copenhagen, Denmark, 4–7 June. https:// doi. org/ 10. 
2118/ 154472- MS

Holmes J, Barkve T, Lund O (1998) Application of a multisegment well 
model to simulate flow in advanced wells. In: European petroleum 
conference. Hague, Netherlands, 20–22 October. https:// doi. org/ 
10. 2118/ 50646- MS

Horritt MS, Bates PD (2001) Effects of spatial resolution on a raster 
based model of flood flow. J Hydrol 253:239–249. https:// doi. org/ 
10. 1016/ S0022- 1694(01) 00490-5

Huang Z, Li Y, Peng Y, Shen Z, Zhang W, Wang M (2011) Study of 
the intelligent completion system for Liaohe oil field. Proced Eng 
15:739–746. https:// doi. org/ 10. 1016/j. proeng. 2011. 08. 138

Jeong D, Yoshioka K, Jeong H, Min B (2021) Sequential short-term 
optimization of gas lift using linear programming: a case study 
of a mature oil field in Russia. J Pet Sci Eng 205:108767. https:// 
doi. org/ 10. 1016/j. petrol. 2021. 108767

Kim S, Kim KH, Min B, Lim J, Lee K (2020) Generation of synthetic 
density log data using deep learning algorithm at the golden field 
in Alberta, Canada. Geofluids 2020:1–26. https:// doi. org/ 10. 1155/ 
2020/ 53871 83

Kuk E, Stopa J, Kuk M, Janiga D, Wojnarowski P (2021) Petroleum 
reservoir control optimization with the use of the auto-adaptive 
decision trees. Energies 14:5702. https:// doi. org/ 10. 3390/ en141 
85702

Litvak M, Onwunalu J, Baxter J (2011) Field development optimization 
with subsurface uncertainties. In: SPE annual technical conference 
and exhibition. Denver, Colorado, USA, 30–2 October. https:// doi. 
org/ 10. 2118/ 146512- MS

Mubarak S, Pham TR, Shamrani SS, Shafiq M (2008) Case study: the 
use of downhole control valves to sustain oil production from the 
first maximum reservoir contact, multilateral, and smart comple-
tion well in Ghawar field. SPE Prod Oper 23:427–430. https:// doi. 
org/ 10. 2118/ 120744- PA

Sabirov DG, Demenev RA, Isakov KD, Ilyasov IR, Orlov AG, Glush-
chenko NA (2020) Reservoir simulation of polymer flooding: 
challenges and current results. In: SPE russian petroleum tech-
nology conference. Virtual. 26–29 October. https:// doi. org/ 10. 
2118/ 201948- MS

Schlumberger (2020a) Petrel reference manual, Houston, Texas, USA
Schlumberger (2020b) INTERSECT technical description, Houston, 

Texas, USA
Tahir S, Kindi SA, Ghorayeb K, Haryanto E, Shah AR, Yersaiyn S, 

Su S, Ali S (2019) A top-down view of field development plans, 
integrated reservoir performance and production sustainability 
assurance. In: Abu Dhabi international petroleum exhibition and 
conference. Abu Dhabi, UAE, 11–14 November. https:// doi. org/ 
10. 2118/ 197379- MS

Thiele MR, Batycky R, Fenwick D (2010) Streamline simulation for 
modern reservoir-engineering workflows. J Pet Technol 62:64–70. 
https:// doi. org/ 10. 2118/ 118608- JPT

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.2118/192926-MS
https://doi.org/10.2118/196662-MS
https://doi.org/10.2118/196662-MS
https://doi.org/10.1007/s13369-021-05614-7
https://doi.org/10.1007/s13369-021-05614-7
https://doi.org/10.2118/205115-MS
https://doi.org/10.2118/205115-MS
https://doi.org/10.2118/167872-MS
https://doi.org/10.2523/IPTC-17220-MS
https://doi.org/10.2118/141650-PA
https://doi.org/10.2118/37324-JPT
https://doi.org/10.2118/150369-MS
https://doi.org/10.2118/150369-MS
https://doi.org/10.2118/62953-MS
https://doi.org/10.2118/62953-MS
https://doi.org/10.3997/2214-4609.201802246
https://doi.org/10.3997/2214-4609.201802246
https://doi.org/10.2118/81107-PA
https://doi.org/10.2118/81107-PA
https://doi.org/10.2118/154472-MS
https://doi.org/10.2118/154472-MS
https://doi.org/10.2118/50646-MS
https://doi.org/10.2118/50646-MS
https://doi.org/10.1016/S0022-1694(01)00490-5
https://doi.org/10.1016/S0022-1694(01)00490-5
https://doi.org/10.1016/j.proeng.2011.08.138
https://doi.org/10.1016/j.petrol.2021.108767
https://doi.org/10.1016/j.petrol.2021.108767
https://doi.org/10.1155/2020/5387183
https://doi.org/10.1155/2020/5387183
https://doi.org/10.3390/en14185702
https://doi.org/10.3390/en14185702
https://doi.org/10.2118/146512-MS
https://doi.org/10.2118/146512-MS
https://doi.org/10.2118/120744-PA
https://doi.org/10.2118/120744-PA
https://doi.org/10.2118/201948-MS
https://doi.org/10.2118/201948-MS
https://doi.org/10.2118/197379-MS
https://doi.org/10.2118/197379-MS
https://doi.org/10.2118/118608-JPT


Journal of Petroleum Exploration and Production Technology 

1 3

Wang P, Litvak M (2008) Gas lift optimization for long-term reservoir 
simulations. SPE Reserv Eval Eng 11:147–153. https:// doi. org/ 
10. 2118/ 90506- PA

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.2118/90506-PA
https://doi.org/10.2118/90506-PA

	Numerical approach on production optimization of high water-cut well via advanced completion management using flow control valves
	Abstract
	Introduction
	Methodology
	Description of the target field
	Description of reservoir modeling
	Flow control valve management strategy
	Economic evaluation of optimization strategy

	Results and discussions
	Effect of advanced completion optimization
	Comparison of the completion optimization strategies
	Proactive strategy: flow balancing versus streamline
	Application of reactive strategy
	Flow control valve minimum opening size


	Conclusions
	References


