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ABSTRACT 

Globally, every day, an estimated 250 million barrels of water are produced, compared with about 80 

million barrels of oil in the sector. This means that, per day, up to 70% more water is produced than oil. 

This excessive production of water in oil reservoirs has been one of the biggest problems that oil and 

gas companies face today. This dissertation proposes the development of workflow that allow to identify 

the excess of water in the production. Regarding the reservoir in study, practically all wells are 

hydraulically fractured. It is believed that these fractures extend above and below the reservoir units. 

The analysis of the production behaviour of these wells suggests that the aquifer located above the 

reservoir is responsible for a significant component of the field water production. Thus, the methodology 

proposed for the dissertation is based on four main steps: 1) creation of a box model around a well that 

has a high water production rate; 2) creation of numerical experiments with different geological 

scenarios and parametrizations of the aquifer above the reservoir (water tank) for each geological 

scenario; 3) sensitivity analysis of each scenario; 4) application of history matching to each model, based 

on the sensitivity analysis done in the previous point, using an optimization algorithm, Particle Swarm 

Optimization. The described methodology is applied to a real reservoir, located in Kazakhstan. Results 

show that the aquifer located above the reservoir effectively contributes to the excess production of 

water in the well, with values around 30-40%. 
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1. Introduction 

Reservoir modelling is generally used in the oil 

industry to assist the subsurface team in field 

management practices. According to (Y. 

Hajizadeh et al. 2010) there are two important 

steps that help in the decision making process 

and which have a direct impact on the technical 

and financial performance of oil companies. 

First, simulation models need to be calibrated 

based on observations of production history 

from the field. Secondly, calibrated models are 
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used to estimate the future production of 

hydrocarbons and to evaluate plans for field 

development and optimization. Calibrating 

reservoir simulation models by conditioning 

them to dynamic data is called history matching. 

In history matching, historical production data is 

used to calibrate reservoir parameters, such as 

porosity and permeability (Y. Hajizadeh et al. 

2011). The success of history matching and the 

production forecast depends on the 

characterization of the reservoir. Therefore, 

numerical simulation becomes a powerful tool 

for any reservoir engineer in measuring the 

impact of uncertainties on field development 

and planning management (Hajizadeh et al. 

2009). 

According to (Fakhru'l-Razi et al., 2009) 

globally, it is estimated that about 250 million 

barrels of water are produced every day, 

compared with around 80 million barrels of oil 

per day. This gives a ratio of 3: 1, which means 

that up to 70% more water is produced per day 

than oil, with the cost of discharging unwanted 

water estimated at 40 billion dollars worldwide, 

all year. Overall, water cut (term given to the 

ratio of water produced to the total volume of 

liquids produced in a well) has grown since the 

last decade with prospects continuing to 

increase. Thus, the production of water in the oil 

wells is something that has been happening 

with high frequency in the oil fields. However, 

this production is not desirable. According to 

(Science et al. 2014), the high water cut limits 

oil production and can lead to early 

abandonment of the well. It is important to 

address this issue to help maintain the 

efficiency of an oil well. 

With respect to the reservoir under study, nearly 

all wells are hydraulically fractured. It is believed 

that these fractures extend above and below the 

reservoir units, given the relatively low 

thickness of the reservoir (approximately 30 m). 

The water production of the aquifer is done only 

by the fractures originated by the hydraulic 

simulation and the water of the aquifer is only 

produced by the well and not by the formation 

that contains the oil. There is no vertical 

communication between the formation of the 

aquifer and the formation of the reservoir. 

The analysis of the wells behaviour with 

different fracture geometries suggests that the 

unit located above the reservoir is responsible 

for a significant component of the field water 

production in this type of wells. 

The main propose of this dissertation is the 

application of stochastic techniques through the 

creation of different geological scenarios to 

identify the origin of excess water present in the 

production in the reservoir. To achieve this goal, 

this study will be applied to a real case, the 

Winterfell field in Kazakhstan.  

 

2. Methodology and Workflow 

The proposed methodology is synthetized in 

three main steps (Fig. 1): 

The first step refers to the selection of a 

representative well of the problem under study, 

the construction of the dynamic model, based 

on the static model of the Winterfell field, which 

involves the construction of the box model, with 

boundary conditions equal to the full field model 

and the creation of the aquifer to simulate the 

water layer located above the reservoir. 

Simultaneously to the procedure described 

above, it is possible to study and design 

numerical experimental tests with different 

geological scenarios and parametrizations of 
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the aquifer. In this way we can study the 

influence of these parameters through several 

geological scenarios. The second step refers 

to the simulation of the dynamic model and the 

application of history matching for each of the 

created geological scenarios. 

Finally, in the third step, a careful analysis of 

the results will be carried out. 

 

Figure 1: Schematic representation of the workflow used in the proposed methodology

2.1. Dynamic Model 

The dynamic model is the set of the static 

model, the pressure and saturation properties, 

and the well data (location and geometry). In the 

proposed methodology two different dynamic 

models will be used. 

Since, in the full field model, the petrophysical 

properties of the aquifer are heterogeneous, in 

order to simplify the model, and consequently 

reduce the number of variables to consider, it 

was decided to use two different models based 

on the original model, with the petrophysical 

properties of the aquifers. 

Operator Model: This model was constructed 

using the original model provided by Partex Oil 

and Gas (where the properties of the aquifer 

were heterogeneous), replacing the 

petrophysical properties of the aquifer with the 

values of the properties used in a study 

conducted by the Field Operator, which were 

homogeneous. 

Average Model: This model was obtained by 

averaging the aquifer petrophysical properties 

of the original model that were available by 

Partex Oil and Gas. As the initial value obtained 

from the permeabilities did not allow the relation 

Kv/Kh (kv/kh = 0.08) to be ensured, with the 

ratio being very low, the vertical permeability 

was increased to 0.20 and the horizontal 

permeability decreased, to be 0.60, thus 

ensuring the relation Kv/Kh (Kv/Kh = 0.30). 

Table 1: Petrophysics characteristics of the aquifer 

for each dynamic model 

 

 

2.2. Key Parameters 

The choice of parameters was based on the 

influence they have on water production. Thus, 

there were selected four key parameters: 

Aquifer thickness: With the increase/decrease 

of the aquifer the water production will 

increase/decrease, being this a good parameter 

to study since it will have an impact on the water 

production. Percentage of water produced 

from the aquifer: with the increase/decrease of 

the water percentage produced from the 

aquifer, it is expected that the production of 

water will increase/decrease, which is an 



4 

important parameter to change, since it 

contributes to the production of water. Net-to-

gross (NTG) of the aquífer: one of the indirect 

ways of reducing the percentage of the 

contribution of the aquifer in water production is 

to change its NTG, making it a good parameter 

to study. Kv/Kh ratio of the aquifer: being the 

permeability the capability of a material (aquifer) 

to allow the flow of fluids (water), the Kv/Kh ratio 

is an important parameter since it has an 

influence on water production, i.e., the higher 

the permeability the greater the ease of 

transmitting fluids, which will consequently lead 

to a greater production of water or vice versa. 

 

2.3. Dyamic Model for Criated 

Scenarios  

Two different geological scenarios were created 

for the Operator model: 

Scenario 1: Variation of the thickness of the 

aquifer. Scenario 2: Variation of the percentage 

of water produced from the aquifer. 

For the Average model, six different geological 

scenarios were created: 

Scenario 1: Variation of the thickness of the 

aquifer. Scenario 2: Variation of the percentage 

of water produced from the aquifer. Scenario 3: 

Variation of the percentage of water produced 

from the aquifer and with the variation of NTG 

of the aquifer. Scenario 4: Variation of the 

percentage of water produced from the aquifer 

and variation of the Kv / Kh ratio of the aquifer. 

Scenario 5: Variation of the thickness of the 

aquifer and with the variation of NTG of the 

aquifer. Scenario 6: Variation of the thickness 

of the aquifer and with variation of the relation 

Kv / Kh of the aquifer. 

 

 

Figure 2: Geological scenarios workflow for each 
model 

The proposed methodologies for each model 

are represented in the previous detailed 

frameworks (Fig. 3, 4, 5 and 6): 

 

Figure 3: Workflow for the Operator model 
(Scenario 1 and 2) 

 

Figure 4: Workflow for the Average model (Scenario 
1 and 2) 

 

Figure 5: Workflow for the Average model (Scenario 

3 and 4) 
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Figure 6: Workflow for the Average model (Scenario 
5 and 6) 

After changing the Operator's model and the 

Average model for each of the scenarios 

created, both were simulated in the 

tNavigator program, in order to obtain the 

production rate and the total production of 

water, oil and gas for a posterior sensitivity 

analysis. 

 

2.4. Application of History Matching to 

the Dynamic Model 

The last part of the methodology is the 

application of HM using Raven software 

(Epistemy) to the previously used models 

(Operator model and Means model) using the 

parameters described above. The goal of HM is 

to match the water production rate between 

historical data and simulated data. Figure 7 

shows the methodology applied to HM. 

 

Figure 7: Workflow for HM. 

The optimization algorithm chosen was the 

Particle Swarm Optimization. The values used 

in its parameterization are described in Table 2, 

where the number of particles is the number of 

parameters used in HM plus four, while for the 

remaining values the values pre-defined by 

Raven (Epistemy) were used. 

Tabela 2:PSO parameters 

 

 

3. Results and discussion 

Following the previous chapters, referring to the 

procedures and models implemented and their 

methodologies, as well as identifying the case 

study to which they were applied, the results 

obtained are presented for the same and the 

corresponding analysis. The results were 

presented in subchapters, one referring to the 

sensitivity analysis and the other referring to the 

results obtained applying history matching. 

 

3.1. Sensitivity Analysis 

The sensitivity analysis aims to study the 

behaviour of total water production for the 

geological scenarios created.

 

 

Figure 8: Comparation between scenario 1 of both 
models 
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in Figure 8, when thickness decreases the total 

water production decreases. When the 

thickness decreases to 86ft it is observed that 

this curve does not have the same behavior as 

the others, since it increases the total water 

production. This effect may have to do with the 

operational conditions of the simulator (flowing 

pressure of the wells, flowing pressure vs 

reservoir pressure, etc.). 

For the curve with the aquifer thickness of 59ft, 

the total water production value obtained is very 

similar to the total water production of the 

historical data, showing that this is the best 

aquifer thickness for both models. Finally, it can 

be concluded that the amplitude between 

curves is slightly larger in the Operator model. 

 

 

Figure 9: Comparation between scenario 2 of both 
models 

in Figure 9, when the percentage of water 

produced from the aquifer is 0%, the total 

production of water decreases dramatically, 

which shows that a large part of the water 

produced comes from the aquifer located above 

the reservoir. It can also be concluded from the 

graph of Figure 9 that the percentages of water 

produced from the 10% and 20% aquifer have 

no impact on the water total production. This 

behaviour can be shown in both curves, which 

are overlapped on the 0% percent curve. For a 

percentage of water produced from the aquifer 

of 30%, the results obtained in both models are 

similar to the historical data of the total water 

production, considering that this is the best 

value of the percentage of water produced from 

the aquifer. It is also possible to conclude that 

in this scenario, the amplitude between curves 

of both models are identical. Finally, it is 

possible to conclude that the results obtained 

were expected, about 30-40% of the excess 

water in the production comes from the aquifer 

located above the reservoir. 
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Figura 10: Comparation between scenario 3, 4,5 
and 6 of Average model. 

In Figure 10 it can be observed that, for the 

parameter percentage of water, when the NTG 

and the ratio Kv / Kh varies – scenario 3 and 

scenario 4 - and for the parameter thickness, 

when the NTG and the ratio Kv / Kh varies – 

scenario 5 and scenario 6 - there is an increase 

in amplitude as the percentage of water 

increases and a decrease in amplitude as the 

thickness decreases. It is possible to conclude 

that for the percentage of water produced in the 

aquifer and for the thickness, Kv / Kh is the 

parameter with the greatest influence, since a 

larger amplitude can be observed when 

compared to the NTG. 

For scenarios with the parameter water 

percentage - scenario 3 and 4 - the best 

adjustment happens when the percentage of 

water is equal to 40%. While in the scenario 

where the percentage of water is studied 

individually - scenario 2 of the Average model - 

the best adjustment happens when the 

percentage of water is equal to 30%. 

For scenarios with the parameter thickness - 

scenario 5 and 6 - the best fit happens when the 

thickness equals 59ft. Likewise, in the scenario 

where the thickness varies individually - 

scenario 1 of the Averages model - the best fit 

also occurs when the thickness is equal to 59ft. 

 

3.2. History matching 

In order to confirm the models used in the 

sensitivity analysis, HM was applied to the 

parameters of each model, both individually and 

together. In each run, the stopping criterion for 

the defined algorithm was the maximum 

number of iterations (300 iterations) for each 

HM. This methodology was implemented for a 

range of days, starting at day 5337 and ending 

at day 5965. 

The following symbology was adopted for both 

models: $a - thickness, $b - percentage of water 

produced from the aquifer, $c - NTG and $d - 

Kh. The next figures plot the best misfits 

obtained in each run. 

Table 3: Misfit values for the operator model. 

 

 

 

 

Figure 11: Best History Matching for Operator 
model: a) Thickness, b) Percentage of water and c) 

both parameters  
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Tabela 4: Misfit values for the Average model. 

 
 

 

 

 

Figure 12: Best History Matching for Average 
model: a) Thickness, b) Percentage of water and c) 

both parameters 

In Figure 11 a), b) and c) in some areas of the 

graphs there is a reasonable match between 

the simulated production data and the historical 

production data, with the production data 

simulated within the acceptance limits. 

However, in certain zones, this match does not 

happen - circles in red – since the simulated 

production data are relatively far from the 

acceptance limits. 

For Figure 12 a) b) and c) there is a reasonable 

match between the simulated production data 

and the historical production data, with the 

production data simulated within the 

acceptance limits. However, in certain zones, 

this match does not happen - circles in red – 

since the simulated production data are 

relatively far from the acceptance limits.  

From Table 3, the best misfit value was 

obtained when the HM was made optimizing the 

two parameters simultaneously - thickness and 

percentage of water produced from the aquifer 

- with a misfit equal to 1609.89. For Table 4, the 

behaviour is the same, that is, when the four 

parameters are present simultaneously - 

thickness, percentage of water produced from 

the aquifer, NTG and Kh - the misfit has a value 

of 1987.75. However, this behaviour is 

expectable since we have a greater number of 

parameters to be optimized. Comparing the 

best values of the two models with each other, 

the best misfit was obtained by the Operator 

Model, which may be justified by the better 

petrophysical characteristics that this model 

presents comparing to the Average Model, even 

though in the Average Model there is a higher 

number of parameters to optimize. 

 
Figure 13: HM for the operator model applied to the 
parameters individually: a) thickness; b) percentage 

of water production from the aquifer. 

 
Figure 14: HM for the average model applied to the 
parameters individually: a) thickness; b) percentage 

of water production from the aquifer. 
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Figure 15: HM for the operator model applied to 
both parameters simultaneously: a) thickness; b) 

percentage of water production from the aquifer. 

 

 
Figure 16: HM for the average model applied to both 

parameters simultaneously: a) thickness; b) 
percentage of water production from the aquifer; c) 

NTG and d) Kh. 

Studying the Figures 13, 14, 15 and 16, we can 

conclude that for the HM of the Average model, 

when the four parameters are studied 

simultaneously, there is a greater variation in 

the parameter space. However, in the other 

HM's, this is no longer true, and there is a rapid 

convergence of the parameters to their final 

value. 

Another observation to be retained is the 

different final values of the parameters in each 

model. Therefore, when studying the 

percentage of water produced from the aquifer 

individually, for the two models, it converges to 

a final value of 0.3. However, this does not 

happen when this parameter is studied 

simultaneously with other (s). In this case, the 

value of the water produced from the aquifer 

converges to 1.0 in the Operator model and 0.8 

in the Average model. This behaviour of the 

optimization algorithm may be due to the 

inverse nature of the history matching, where 

several models with different simulation 

parameters can have history matches with 

similar quality. Another justification for this 

behaviour may be the interconnection between 

the parameters. For the parameter thickness, 

when it is studied separately or simultaneously 

with other parameter(s), it always shows a 

convergence for the same approximate value, 

in both models. 

Finally, the NTG and Kh parameters were not 

compared since they were only applied in the 

Average model. 

 

4. Conclusions and Future Work 

The research carried out and presented has the 

main objective to develop and apply techniques 

to identify excess water in the production of oil 

in a well. This research focused on the 

application of a sensitivity analysis, where a 

study of the behaviour of water production was 

performed with the variation of key parameters 

for the unit located above the reservoir, and 

later it was performed the history matching, 

where it was tried to test and validate the 

models used in the sensitivity analysis.  The 

three main conclusions of this dissertation are: 

 

• It is possible to conclude that the most 

important parameter in the study is the 

percentage of water produced from the 

aquifer, since with the variation of this 

parameter, it is possible to quantify the total 

water production that comes from the 

aquifer. 

• It is possible to agree with what was 

expected in terms of water production, 

about 30-40% of the excess water in the 
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production comes from the aquifer located 

above the reservoir; 

• The model that presents the most 

satisfactory results of the two studied is the 

Operator model, being this model a 

possibility to represent the real reservoir. 

 

Regarding presumed future developments, it is 

believed that it would be important to extend the 

study that was development throughout the 

dissertation. A suggestion would be to apply the 

same methodology to the full field model of the 

Winterfell field, to verify if the results obtained 

for just for one well, would apply to all existing 

wells in the field.  

Another additional contribution would be simply 

to try to improve the misfit values obtained 

either by using other key parameters or by using 

another optimization algorithm and its 

parameterization. 
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