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Abstract
This paper presents an approach to optimize the recovery factor and sweep efficiency in a waterflooding process by automating 
the optimum injection rate calculations for water injectors using streamline simulation. A streamline simulator is an appro-
priate tool for modern waterflood management and can be used to determine the dynamic interaction between injector and 
producer pairs, which will vary over time based on sweep efficiency and operational changes. A streamline simulator can be 
used to identify injectors, which are not supporting production and contributing mainly to water producing wells. Streamlines 
illustrate natural fluid-flow paths in the reservoir, which are based on fluid properties, rock properties, well distribution and 
well rates across the reservoir. A bundle of connected streamlines can provide the oil in place between an injector/producer 
pair at any given time during a simulation run. Thus, the well pair recovery factors for each injector/producer pair, the pro-
duced water cut and the weighting factor for each injector are determined. Multiplying this weighting factor by the injection 
rates determines the new injection rate for each injector. For a well pair water cut that is lower than the average field water 
cut, the injection rate will be increased and vice versa. Given a finite volume of injection water, there will be a re-allocating of 
water from a well pair with a low recovery factor and high water cut and redistributing the water to injectors supporting low 
water cut producers, thus maximizing the recovery factor and reducing the field water production. The described approach 
is an automated procedure during the reservoir simulation run, making it appropriate for full field waterflood optimization 
with many injectors and producers in high-resolution heterogeneous brown reservoirs. This approach can reduce the water 
cut and increase the recovery factor and extend the life of the waterflooded oil fields. It was initially tested with a synthetic 
model and later with an actual reservoir model, which will be described in this paper.

Keywords  Waterflood optimization · Streamline simulation · Optimum injection rate · Injector/producer pair recovery 
factor · Injector/producer pair water cut

Introduction

Streamline (SL) simulation has been a widely used appli-
cation for waterflooded fields. The way it approaches the 
simulation solution makes it one of the most effective com-
plementary tools to finite difference (FD) flow modeling 
techniques. Streamline simulations features can particularly 
help in solving large, geologically complex, heterogeneous 
systems efficiently (Datta-Gupta 2007; Samier 2007; Lolo-
mari et al. 2000; Batycky 1997).

The main advantages of SL simulation are (1) the abil-
ity to quantify and visualize the reservoir fluid flow based 
on the effects of rock–fluid properties (2) unique streamline 
flow information (3) reduced grid effects (4) computation-
ally efficient solutions. Streamlines can provide valuable 
insight into the dynamics of the fluid flow in the reservoir. 
They can also display well drainage regions and well alloca-
tion factors (WAF). WAF gives the fluid volume interactions 
between injection and production wells (i.e., what fraction 
of the injected fluid is going to which producers).

Within every bundle of streamlines, there is unique infor-
mation such as:

•	 Pore volume,
•	 Oil, water and gas volume fractions,
•	 Pressure,
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•	 Flow rates in/out.

Streamline simulation enables engineers to create work-
flows that identify (1) drainage regions of the wells (2) vol-
ume of water injected into the aquifer zone.

This unique information has been used in managing 
waterflood operations, which is one of the most common 
secondary recovery methods (Ghori et al. 2006; Naguib et al. 
2006; Grinestaff 1990; Grinestaff 2000; Ghori et al. 2007). It 
is a known fact that water cycling and poor sweep efficiency 
are the main concerns in waterflooding projects. The main 
objective of waterflood optimization is to reduce the water 
production while maximizing sweep efficiency. Thus, accu-
rate performance prediction of both injectors and producers 
is crucial to the success of every waterflooded project.

Alhuthali et al. (2007) proposed a practical approach for 
computing optimal injection and production rates. They 
attempted to maximize the sweep efficiency and delay the 
water breakthrough time. Their work was based on equal-
izing the arrival times of waterfronts at all producers.

Thiele and Batycky (2003) presented a novel approach to 
optimize waterflood processes using the data derived from 
streamlines. They introduced for the first time the injec-
tor/producer pair injection efficiency (IE) and used IE of 
injectors to identify problem well pairs. They calculated IE 
through stream line simulation and defined IE as a ratio of 
offset oil production to water injection. Once IEs are calcu-
lated, they re-allocate injection water from low-efficiency to 
high-efficiency water injectors. Thiele & Batycky showed 
that by moving injection water from bad to good injector/
producer pairs, oil production can be increased without the 
need to increase volumes of injected water. They proposed 
a formula to determine how to re-allocate injection water 
from low-efficiency well pairs to high-efficiency well pairs.

The approach presented by Thiele and Batycky in 2003 
was based on the injection efficiency of well pairs and it did 
not consider the water cut of producers. The novel water-
flood optimization approach, which we are presenting in 
this paper is based on the injector/producer pair recovery 
factors, and in order to reach a more realistic and practical 
viewpoint, we have also taken into account the water cut of 
producers. It should be highlighted that both approaches are 
based on the derived information from streamlines.

This paper proposes a practical and efficient approach for 
waterflood optimization using SL simulation. We have taken 
into consideration the water cut of the injector/producer 
pairs and the average field water cut for managing water-
floods. This method includes increasing the injection rates in 
wells with low water cut and also inject more water to zones 
with poor sweep efficiency. The technique presented here 
incorporates applied mathematical approaches and practical 
aspects of reservoir engineering and is suitable for brown 
fields with water production constraints. This approach can 

increase the oil recovery factor by decreasing the water cut 
and extend the life of the field.

Streamline simulation

In streamline simulation, the 3D fluid-flow equations (satu-
ration equations) are decoupled into multiple 1D equations 
that are solved along streamlines (Batycky 1997). This 
explains why the streamline simulation is faster compared to 
conventional FD simulators, in addition to reduced numeri-
cal dispersion and grid orientation effects.

Streamlines follow natural fluid particle paths in the res-
ervoir, which are based on fluid properties, rock properties, 
well distribution and well rates across the reservoir.

A key concept in streamline simulation is the time of 
flight (TOF) variable. It is the time taken for a neutral par-
ticle to move a distance along a streamline. It gives the 
position of the front at different times. By means of TOF, 
the 3D xyz-coordinate will be transformed to 1-dimen-
sional τ-coordinate along the streamline and the distance is 
replaced by the TOF and therefore the effects of geological 
heterogeneity will be isolated from flow calculations (Gupta 
2000).

A streamline simulator can be used to determine the 
dynamic interaction between injector and producer pairs. In 
conventional simulators, it is difficult to quantify relation-
ships between injectors and producers but since each stream-
line is associated with a flow rate, streamline simulation can 
provide the engineer with unique information, which can 
be used for:

•	 Rate allocation and pattern balancing,
•	 Injector/producer relationship,
•	 Allocation factors for injectors,
•	 Determining fraction of water, which is supporting one 

or more producers.

This information is used to determine optimal water 
injection rates in a brown oil filed. The workflow will be 
described in the next section.

The workflow

This paper proposes a practical and efficient workflow for 
waterflood optimization using streamline simulation.

A bundle of connected streamlines can provide the oil in 
place between an injector/producer pair at any given time. 
Thus, the well pair recovery factors for each injector/pro-
ducer pair and the average field recovery factor can be deter-
mined at any given time during a simulation run.
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A bundle of connected streamlines can also provide the 
oil and water production rates for each injector/producer 
pair at any given time. Thus, the water cut for each injector/
producer pair can be calculated at any given time during a 
simulation run. The average field water cut is the arithmetic 
average of the well pairs.

The workflow, which is used in this study for calculating 
the optimal water injection rates, is detailed below:

•	 Determine recovery factors between injector/producer 
pairs,

•	 Calculate the injector/producer pairs water cut and aver-
age field water cut,

•	 Identify high water cut producers,
•	 Identify poorly performing injector/producer pairs with 

low recovery factor and high water cut,
•	 Calculate the weighting factor for each injector/producer 

pair,
•	 Determine the optimal injection rates,
•	 If the sum of new injection rates is higher than the total 

field injection rate target, calculate the normalization fac-
tor and normalize the optimal injection rates,

•	 Adjust the production rate targets of producers propor-
tional to the corresponding new optimal injection rate.

•	 Repeat the above steps for the next report step.

The workflow chart for the waterflood optimization 
approach, which is presented in this paper, is shown in 
Fig. 1.

The formulation

We present here a novel formulation, which is based on the 
derived information from streamlines. Our goal is maxi-
mizing the oil recovery factor while minimizing the water 
production by determining the optimal water injection rates 
and making the best use of available water using streamline 
simulation.

In our formulation, we have considered both the recovery 
factor and water cut of the producers for determining the 
optimum injection rates. The basic steps are as follows: 

(a)	 Calculate the recovery factor for an injector/producer 
pair (RFi):

(b)	 Calculate the average field recovery factor (RFavg):

(1)RFi =
the cumulative oil produced bywell pair i

oil in place betweenwell pair i
.

(2)RFavg = RFfield =
total cum. oil produced

total oil in place
.

(c)	 Calculate the water cut for each well pair and the aver-
age field water cut.

(d)	 For each well pair, the weighting factor ( �i) will be 
calculated:

where RFi is the well pair recovery factor, RFavg is the 
average field recovery factor, αi is the weighting factor, 
WCi is the well pair water cut, WCavg is the average 
field water cut.

(3)

if RFi > RFavg ∶ 𝛼i = sgn(WCi −WCavg)
RFi − RFavg

�

n
∑

i=1

�

RFi − RFavg

�2

(4)

if RFi < RFavg ∶ 𝛼i = sgn(WCi −WCavg)
RFavg − RFi

�

n
∑

i=1

�

RFi − RFavg
�2

,

Fig. 1   Workflow chart for waterflood optimization process
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(e)	 Based on the weighting factor ( �i), the optimized injec-
tion rate (qinj,optimized) will be calculated:

where qinj,current is the actual injection rate.
(f)	 If the sum of the optimized injection rates 

( 
∑

qinj,optimized ) is larger than total field injection rate 
target, the normalization factor (δ) will be calculated:

(g)	 And the final new injection rate will be:

Water injection optimization

Application to synthetic model

A synthetic model was used to illustrate how the optimum 
water injection rate was determined. Consider a simple 
30 × 30x10 grid with wells arranged in 5 spot patterns. Fig-
ure 2 shows the locations of the producers and injectors in 
this synthetic model. The porosity and permeability in this 
simple model are constant and equal to 0.17 (ft3/ft3) and 150 
(mD), respectively.

There are four water injectors in this synthetic model, 
but for clarity, the optimum injection rate calculation will 
be described using injector I4. In Fig. 2, it can be seen that 
this water injector is related to the producers P5, P6, P8 and 
P9. The optimization process for injector I4 is as follows: 

(a)	 We first calculate the oil and water production rates 
and the amount of injection water associated with the 
injector/producer pairs I4/P5, I4/P6, I4/P8 and I4/P9. 

(5)qinj,optimized = (1 − �i) qinj,current,

(6)� =
total injection rate (target)

sum of the optimized injection rates
.

(7)qinj,optimized x �.

The oil in place between each injector/producer pair is 
also calculated. The results are given in Table 1.

(b)	 The cumulative oil production for each well pair is cal-
culated. It is simply the product of oil production rate 
and the days on production, 90 days (Table 2).

(c)	 Dividing the cumulative oil production given in Table 2 
by the oil volume in the bundle of streamlines connect-
ing a well pair gives us the well pair recovery factor 
(Eq. 1). The recovery factors and water cuts for each 
well pair are given in Table 3.

Fig. 2   Bundle of streamlines in 
a 5-spot model (left), well loca-
tions in 5-spot pattern (right)

Table 1   Oil and water production rates of producers P5, P6, P8 and 
P9 due to the support of injector I4 and associated water injection 
rates through injector I4

I4/P5 I4/P6 I4/P8 I4/P9

Oil production rate (STB/day) 27.8 27.3 27.9 31.5
Water production rate (STB/

day)
17.8 62 296 323

Water injected (STB/day) 49 94.7 329 360
Oil volume in bundles of SL 

(STB)
95,200 152,000 161,000 216,000

Table 2   Cumulative oil production of producers P5, P6, P8 and P9 
due to the support of injector I4 after 90 days

I4/P5 I4/P6 I4/P8 I4/P9

Cumulative oil production (STB) 2475 2457 2511 2835

Table 3   Recovery factors and water cuts for well pairs

I4/P5 I4/P6 I4/P8 I4/P9

RF 2.628151 1.616447 1.559627 1.3125
WCT​ 0.390351 0.694289 0.913862 0.911142
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(d)	 The average field recovery factor and the average field 
water cut are calculated.

(e)	 We determine the weighting factors (α) by Eqs. 3 and 
4 for injector/producer pairs, and then, the optimized 
injection rates are calculated by applying Eq. 5. The 
results are summarized in Table 4.

The results are plotted in Figs. 3 and 4. Figure 3 shows 
the plot of field cumulative oil production versus time for the 
base and optimum cases. It is observed that the cumulative 

Table 4   The optimized injection rate for injector I4

α qinj,current (stb/
day)

qinj,optimized (stb/
day)

Δqinj (stb/day)

I4/P5 −0.02533 49 50.241332  + 1.24
I4/P6 −0.00303 94.7 94.987401  + 0.29
I4/P8 0.007861 329 326.4135 −2.59
I4/P9 0.011871 360 355.72653 −4.27
Total 832.7 827.36885 −5.33

Fig. 3   Plot of field total oil 
production versus time for the 
base and optimized cases

Fig. 4   Plot of field total water 
production versus time for the 
base and optimized cases
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oil production is increased from 141.6 to 172.6 MSTB 
(increased by 18%). The field cumulative water production 
for the base and optimum cases are plotted and compared in 
Fig. 4. This figure indicates that the cumulative water pro-
duction is decreased from 2.365 to 1.594 MSTB (decreased 
by 32.6%).

Water injection optimization

Application to an actual offshore oil field

The S field is located in the southern Iranian territorial 
waters, 33 km to the southwest of Siri Island. The under-sat-
urated oil (31 API) reservoir was discovered in 1973, where 
18 production wells and 8 water injection wells were drilled. 
Production from the field commenced in 1979 with water 
injection to maintain reservoir pressure near 4000 psia. The 
S field has an active aquifer, and the average water saturation 
of the field is about 32%. From the histogram for porosity 
shown in Fig. 5, a unimodal porosity distribution is observed 
with the minimum and maximum porosity values of 0.0119 
and 0.3367 (m3/m3), respectively. The mean porosity value 

is 0.2054 (m3/m3), and the standard deviation is 0.0635. Fig-
ure 6 shows a histogram of the permeability across the field. 
A unimodal distribution is observed with the data range of 
0.0347 to 163.5 (mD). The mean permeability value is 29.07 
(mD), and the standard deviation is 24.78.

Water handling capacity of the field is operating at its 
limit and field abandonment has been considered by IOOC 
(the operating company) due to high water cut and water 
facilities constraints.

We received the history matched finite difference (FD) 
model of the S reservoir from IOOC (Fig. 7). The dimension 
of the simulation grid is 121 × 108x17 and the model has 18 
producers and 6 water injectors. Having converted the FD 
simulation model to streamline one (Fig. 8), it was used for 
waterflood optimization. During the optimization runs, the 
water injectors were controlled by group rates.

The optimizer was applied on developed streamline 
model to maximize oil recovery while minimizing water 
production by determining the optimal water injection rates 
with a finite volume of water. The optimizer attempts to 
make the best use of available water, assuming that there are 
no operational restrictions to re-allocate water to injectors 
supporting low water cut producers. Given a finite volume of 

Fig. 5   Histogram for porosity 
across the model

Fig. 6   Histogram for permeabil-
ity across the model
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injection water, it will be re-allocated from ‘bad well pairs’ 
with high water cut and redistributed to ‘good well pairs’ 
with low water cut.

There are 6 injectors in the field, but for clarity, the opti-
mization process will be described using injector IF-10.

Figure 9 illustrates how the wells are related and Fig. 10 
shows that the injector IF-10 is related to producers F-02, 
F-03, F-08 and F-09.

The optimization workflow

The optimization process for injector IF-10 is described 
below.

(1)	 Determining the production rates for each well pair:

	   Initially, we determine the oil production rate, water 
production rate, the amount of water injected, oil in 
place and the cumulative oil production for each injec-
tor/producer pair. This information can be derived 
from streamlines. The results for the first report step 
(90 days) are given in Table 5. It should be mentioned 
that the last column of this table indicates water being 
injected into the aquifer by well IF-10.

(2)	 Calculating the recovery factor and water cut:

Fig. 7   Finite difference simulation model of S field

Fig. 8   Streamline simulation model of S field

Fig. 9   Bundles of streamlines in the reservoir (top view)

Fig. 10   Injector IF-10 and its associated producers
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	   The recovery factors and water cuts for each injector/
producer pair are calculated. The recovery factors and 
water cuts are given in Table 6.

(3)	 Calculating the weighting factors and optimized injec-
tion rates for injector IF-10:

	   From Eqs. 3 and 4, we can obtain the weighting fac-
tors (α) for each well pair. The average field recovery 
factor and the average field water cut are 1.04% and 
0.06, respectively. The optimized injection rates can be 
calculated by Eq. 5. The results are given in Table 7.

(4)	 Calculating the optimal water injection rates for all 
injectors:

	   We repeat the above calculations for other injectors. 
The results are given in Table 8.

	   Since the sum of the optimal injection rates 
(3577.112 sm3/day) is less than the field target (3810 
sm3/day), there is no need to normalize the optimized 
injection rates.

(5)	 Calculating the new production rate targets:
	   Finally, the production rate targets of producers are 

changed proportional to the corresponding new injec-
tion rates. Production rates must be changed accord-

ingly (by the same amount of change) with the associ-
ated injectors. Table 9 gives the new production rate 
targets.

(6)	 Repeating steps 1–5 for the next report step:
	   The final results of water injection optimization in 

S field are plotted in Figs. 11, 12 and 13. Figure 11 

Table 5   Oil and water 
production rates of producers 
F-02, F-03, F-08 and F-09 due 
to the support of injector IF-10 
and associated water injection 
through injector IF-10

IF-10/F-02 IF-10/F-03 IF-10/F-08 IF-10/F-09 P-edge/IF-10

Oil rate (sm3/day) 153 34.7 262 204 –
Water production (sm3/day) 1.06 0.189 134 1.22 –
Water injected (sm3/day) 80.5 9.25 278 67.4 200
Oil volume in bundles of SL (sm3) 844,000 317,000 761,000 1,260,000 –
Cumulative oil production (in a first 

reporting step) (sm3)
13,770 3123 23,580 18,360 –

Table 6   RF’s and WCT’s for well pairs

IF-10/F-02 IF-10/F-03 IF-10/F-08 IF-10/F-09

RF % 1.631517 0.985174 3.098555 1.457143
WCT​ 0.00688 0.005417 0.338384 0.005945

Table 7   Weighting factors and the optimized injection rate for injec-
tor IF-10

α qinj,current 
(sm3/
day)

qinj,optimized 
(sm3/day)

Δqinj (sm3/day)

IF-10/F-02 −0.00471 80.5 80.87948  + 0.38
IF-10/F-03 −0.00043 9.25 9.253952  + 0.004
IF-10/F-08 0.080869 278 255.5183 −22.48
IF-10/F-09 −0.00339 67.4 67.6282  + 0.228
P-edge/IF-10 – 200 160 −40
Total 635 573.27 −61.73

Table 8   Optimal water injection rates for all injectors

Injectors qinj,current 
(sm3/day)

qinj,optimized (sm3/day) Δqinj (sm3/day)

IE-02 635 598.0859 −36.9
IE-09 635 616.5394 −18.46
IF-10 635 573.27 −61.73
IF-12 635 605.8749 −29.12
IF-13 635 584.2949 −50.70
IF-14 635 599.0464 −35.95
Total 3810 3577.112 −232.89

Table 9   New production rate targets

Producers qcurrent (sm3/day) qnew (sm3/day)

E-01 500 518.2944
E-03 500 507.0551
E-04 500 528.1892
E-05 500 512.8144
E-06 500 511.2643
E-07 500 511.1126
E-08 500 520.1186
E-10 500 347.8189
F-01 500 513.8234
F-02 500 532.2861
F-03 500 510.0938
F-04 500 510.1538
F-05 500 512.7891
F-06 500 526.4296
F-07 500 529.0627
F-08 500 359.5274
F-09 500 515.8371
F-11 500 533.3295
Total rate 9000 9000
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shows the plot of field oil production rate versus time 
for the base and optimized cases. The field cumulative 
oil production and field water cut for both cases are 
plotted and compared in Figs. 12 and 13, respectively. It 
is observed that oil recovery is increased by 26.7 MMb-
bls and field water cut is reduced from 28.5 to 10%.

Economic evaluation

We have used the net present value (NPV) to analyze the 
profitability of the optimization project. NPV is the dif-
ference between the present value of cash inflows and the 
present value of cash outflows over a period of time. A 
positive NPV indicates that the projected earnings gener-
ated by a project or investment exceeds the anticipated 
costs. It is assumed that an investment with a positive NPV 

Fig. 11   Plot of field oil produc-
tion rate versus time for the base 
and optimized cases

Fig. 12   Plot of field total oil 
production versus time for the 
base and optimized cases
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will be profitable, and an investment with a negative NPV 
will result in a net loss.

The calculated annual NPV over project time for both 
base and optimized cases is given in Table 10.

Figure 14 shows the plot of annual NPV versus time for 
base and optimized cases.

The results indicate that optimizing the water injection 
rates will lead to an increase in NPV. The NPV of the 
base case over project time (from 2020 till 2031) is 18.97 
MMM US$ and after optimization it is increased to 24.03 
MMM US$. That means water injection optimization will 
increase the NPV by 21%. It should be mentioned that 

the NPV was calculated using the cost of a barrel of oil 
at $46.66. The internal rate of return (IRR) of base case 
is 234% and that of optimized case is 263%. The IRR is a 
metric used in financial analysis to estimate the profitabil-
ity of potential investment. Generally speaking, the higher 
an internal rate of return, the more desirable an investment 
is to undertake.

Conclusions

A novel optimization approach is presented in this paper to 
maximize the recovery factor and sweep efficiency in water-
flooding process by determining the optimal water injection 
rates using streamline simulation. In order to reach a more 
realistic and practical approach, we have considered both 
recovery factor and water cut for managing waterfloods.

No new infill water injectors and oil producers are 
required to increase recovery and sweep efficiency. This 
methodology can identify producers, which need more injec-
tion support and identify injectors, which are not supporting 
production and contributing to increase water production 
instead. In addition, it can re-allocate water to injectors sup-
porting low water cut producers.

The proposed approach in this paper is based on the injec-
tor/producer pair recovery factors and production well water 
cuts. An equal or lesser volume of injection water using the 
optimizer can increase field recovery and decrease field 
water cut. It can be achieved by changing the choke settings 
of injectors and producers and therefore no additional invest-
ment is required.

Fig. 13   Plot of field water cut 
versus time for the base and 
optimized cases

Table 10   The annual NPV of base and optimized cases (*M = 1000)

Date Time (days) NPV [MM 
US$]* Base case

NPV [MM 
US$]* Opti-
mized case

01/01/2020 0 −309.56 −309.56
01/01/2021 365 337.26 373.79
01/01/2022 730 828.96 1024.63
01/01/2023 1095 1278.12 1583.79
01/01/2024 1460 1570.69 2013.92
01/01/2025 1825 1880.46 2368.59
01/01/2026 2190 2030.09 2551.99
01/01/2027 2555 2143.31 2719.21
01/01/2028 2920 2211.89 2813.63
01/01/2029 3285 2286.45 2910.45
01/01/2030 3650 2336.41 2965.30
01/01/2031 4015 2375.18 3012.42
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This approach is appropriate for full field waterflood opti-
mization with many injectors and producers in high-resolu-
tion heterogeneous reservoirs. It has been applied success-
fully in S field to reduce the field water cut and increase the 
oil recovery factor and extend the life of the field.
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