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Resumo 

 

A localização do poço dentro do reservatório é um ponto crítico de qualquer plano de 

desenvolvimento de um campo petrolífero. Determinar a melhor localização para um poço é um 

problema complicado, afetado por diversas variáveis, tais como a incerteza geológica, as 

propriedades do reservatório e do fluido, custos económicos e limitações das operações técnicas.  A 

aplicação de conhecimentos de engenharia para resolver este problema complexo e não linear pode 

não ser suficiente para conseguir o melhor cenário, podendo resultar em sub-aproveitamento do 

reservatório. Desta forma, a otimização automática para a localização de poços como ferramenta 

auxiliar ganhou recentemente interesse na indústria petrolífera. O objetivo principal desta tese é 

utilizar um algoritmo de otimização estocástico para explorar um conjunto mais alargado de cenários, 

de forma a identificar a localização ótima de poços de produção e injeção. Nesta tese, um modelo de 

reservatório foi criado com base no modelo de reservatório do campo Norne mantendo todos os 

parâmetros à exclusão do modelo do fluido. Os parâmetros de controlo de todos os poços foram 

otimizados para serem usados como caso base para este trabalho. Seis cenários foram criados e 

para cada um foram otimizadas as localizações dos poços e os intervalos de perfuração. De seguida, 

os resultados foram comparados entre si e individualmente com o caso base. Os resultados foram 

analisados através da avaliação da evolução da pressão média do reservatório, produção cumulativa 

de óleo, produção cumulativa de gás e produção de água, para chegar à conclusão de qual seria o 

melhor cenário. O valor de receitas líquido associado a cada cenário foi calculado em diversos pontos 

temporais para determinar a sua consistência com os dados iniciais. Por fim, o cenário dos casos de 

padrão spot regular e irregular de 5 pontos é determinado como os melhores casos, pois ambos 

apresentaram o maior valor presente líquido. 

Palavras-chave: otimização de posicionamento de poço automático, campo Norne, controles de poço, valor 

presente líquido, produção acumulada de óleo. 
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Abstract 

 

Well placement within a reservoir is a critical procedure in any field development plan. Determining the 

best well location is a complicated problem containing many factors such as geological uncertainty, 

reservoir and fluid properties, economic costs, and technical operations limitations. Applying pure 

engineering judgment to solve this complicated and nonlinear problem may not be enough to get the 

best result, leading to reservoirs underperformance. Hence, the use of automatic well placement 

optimization as a supporting tool has recently gained interest in the petroleum industry.  The main 

objective of this thesis is to use stochastic optimization algorithm in order to explore a broader set of 

scenarios to identify optimum well locations. In this thesis, a model was created based on the Norne 

field reservoir model maintaining all the parameters apart from the fluid model. The well controls of all 

the wells were optimized to be used as the base case scenario for this work. Six scenarios were 

created, and in each scenario, the wells locations and the perforation intervals of the wells were 

optimized and the results obtained were compared with each other and the base case scenario. The 

results were analyzed by evaluating trends of average reservoir pressure, cumulative oil production, 

cumulative gas production and field water production to determine the best scenario. The net present 

value for each scenario was calculated over time to determine its consistency with the initial chart 

comparisons. Finally, the cases scenario of 5 spot regular and irregular well pattern are determined as 

the best cases, as both showed the highest net present value.  

 

Keywords: automatic well placement optimization, Norne field, well controls, net present value, cumulative oil 

production. 
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Nomenclature 

 

K = permeability 

OWC = oil water contact 

GOC = gas oil contact  

FOPT = field oil production total 

FOIP = field oil initially in place 

FWPT = field water production total 

FGPT = field gas production total  

K1 = upper perforation interval  

K2= lower perforation interval 

PSO= Particle swarm optimization 

MOPSO= multi objective function 

NPV = net present value 
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1. Introduction 

 

1.1Motivation   

 

Locations of wells in oil reservoir field significantly affect the productivity and economic benefits of the 

subsurface reservoir. However, the determination of optimal well locations is challenging because it 

depends on geological and fluid properties as well as economic parameters. This tends to led to a 

very large number of potential scenarios that have to be evaluated using numerical reservoir 

simulations. The high costs of simulation make their evaluation exhaustive and sometimes infeasible. 

As a result, the well locations are traditionally determined by analyzing only a few scenarios. However, 

this method may often lead to incorrect decisions which has high economic impact. Optimization 

algorithms gives the possibility for a systematic exploration of a wide set of scenarios to identify 

optimum locations with the given conditions. The use of these algorithms allow a superior assessment 

of uncertainty and significantly decrease the risk in decision-making. These have led to an increased 

interest in the use of optimization algorithms for finding the optimum well location in oil industry. In this 

thesis, I aim to apply a particle swarm optimization algorithm, a stochastic algorithm, to the 

optimization of wells location, wells rate and perforation intervals in a specific oil reservoir model.  

 

1.2 Objective  

 

The main objective of this thesis was to optimize the placement of the wells on Norne field (Statoil 

2004) reservoir model. The Norne field is one of the largest discoveries on the Norwegian continental 

shelf in more than a decade (Statoil 2007). Hence, a stochastic optimization study was carried out to 

optimize the wells’ locations, perforations intervals and control variables in order to improve the 

hydrocarbon production. Different well pattern scenarios were implemented and optimized. The project 

involved various stages: 

1. Rate optimization of a new base case scenario derived from the initial Norne field reservoir 

model. The new base case retains the same reservoir and engineering properties obtained 

from the initial Norne field reservoir model, but with a different fluid system with solely water 

injection. 

2. Creation of six well pattern scenarios to be compared against the base case. 

3. Optimization of the well locations, well perforations intervals and rates in order to maximize 

the oil production while minimizing the gas and water production. 

4. Collation of the results, and evaluating the best scenarios for the thesis. 
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1.3 Structure of the thesis 

 

Besides the introductory chapter in which we discussed the motivation, framework and objectives of 

the thesis, the other chapters which are the main body of the documents consists of: 

 

Chapter 2:  Provides review of all necessary literature regarding this research.  

Chapter 3: Methodology and Workflow    

Chapter 4:  Presents the result and discussion, a comparison of different water flood cases in terms of 

field performances and the calculation of their net present value  

Chapter 5: Conclusions and Future Work, overall view of the work. It is also indicated what can be the 

next steps and the future works.  
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2. Literature review 

 

In this section, a brief summary of the theory and methods used in this thesis is discussed, such as 

well placement optimization, particle swarm optimization and typical water flooding well pattern.  

 

2.1 Oil and Gas Production Optimization 

Production optimization problems with reservoir modeling was first tried by (Lee and Aronofsky 1958). 

They apply linear programming to optimize oil production scheduling problems. The problem was to 

establish an oil production schedule from five different wells that will led to the maximum profit for 

eight-year period. The constraints put to the individual reservoir production rates of the wells involved 

well pressures and pipeline capacity. They resolved this problem with the use of constant well 

interference coefficients as a replacement for a real reservoir simulation model. Wattenbarger (1969), 

and some other researchers expand this study more with the usage of real reservoir simulation 

models for estimating the well interference coefficients. Wattenbarger created a method for 

maximizing removals from a natural gas storage reservoir. 

All the work mentioned earlier were limited by the number of phases, the phase behavior or by size of 

the reservoir model. Asheim (1988) was engaged in the study of optimum control in water flood 

reservoirs with the use of reservoir simulation models. He created a method for numerical optimization 

of the net present value of water injection reservoir. The method utilizes an areal two-phase reservoir 

simulator to compute the net present value (NPV) of a water flooding scheme. In his study, the 

variables designated to control are the well rates. The waterflooding scheme that increase the net 

present value was numerically acquired by integrating reservoir simulation with control theory 

practices of implicit differentiation. His results show better sweep efficiency and delayed water 

breakthrough with the dynamic control of the well flow rates. For the reservoir models he examined, 

there was a net present value improvement of up to 11%. 

 

Brouwer and Jansen (2001) did a research concerning the optimization of water flooding with fully 

penetrating, smart horizontal wells in 2D reservoirs along simple and large-scale heterogeneities. 

They utilized optimal control theory like an optimization algorithm for valve settings in smart wells. The 

goal was to increase the recovery or net present value of the water flooding process for a given period 

of time. Their research investigated the static optimization of water flooding with smart wells. Static 

involves that the injection and production rates in the wells were retained constant during the 

displacement procedure, until water breakthrough happened. They noticed remarkable amelioration 

from simple reservoir models. They however, remarked that more improvements could be reached by 

dynamic optimization of the production and injections. In a later study Brouwer and Jansen(2002), 

they investigated this same problem with the use of dynamic optimization in which case, the inflow 

control valves in the wells can vary in the water flooding process. Water flood was ameliorated by 

changing the well profiles correspond to some simple algorithm that advance flow paths far from the 
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high permeability zones to retard water break-through. This was attained by calculating the 

productivity index (PI) for each segment. For each well, the segments with the highest PI are shut-in 

and the rates are evenly expanded among the other segments that are open, so as to keep the 

production rates. They iterated this process until the best flow profile is acquired. This best flow profile 

was found to take place when the final oil recovery from a successive step is less than that acquired 

with the preceding flow profile.  

 

Brouwer and Jansen (2001) studied the optimization problem within two various scenarios of well 

operating conditions – with pressure constrained and with rate-constrained operating environments. 

They found that the advantage of smart wells under pressure-constrained operating conditions was 

mostly the decreased amount of water production rather than increased oil production. Contrarily, 

wells operating with rate constraints presented an increased production and ultimate recovery and 

decreased water production. Their outcome showed that water breakthrough is delayed from 253 days 

of the base case to 658 days of the optimized case. They concluded that sweep of the low 

permeability region is better for the optimized case, thus ameliorated the ultimate recovery. 

 

Lorentzen et al. (2006), performed a study on the dynamic optimization of water flooding with the use 

of different approach from those detailed above. He did his optimization by controlling the chokes to 

increase cumulative oil production or the net present value. Their approach utilizes the ensemble 

Kalman filter like an optimization routine. The ensemble Kalman filter was first utilized for estimation of 

state variables but had been adapted to optimization in their work. In their study, they showed the use 

of the ensemble Kalman filter like an optimization routine on a simple five layer reservoir with diverse 

permeabilities. The methodology proposed by Lorentzen et al. (2006) averts the usage of the optimal 

control theory as no adjoint equations were required and the model equations are addressed as a 

“black box”. 

 

This methodology averts one clear drawback of the optimal control approach while used like a solution 

to optimization problems – it involves the construction and solution of an ad joint set of equations. 

These ad joint equations demand an explicit knowledge of the reservoir model equations and demand 

wide programming to implement them. Sarma and Aziz (2005) have showed this. 

 

2.2 Well placement optimization 

 

Well placement problem is extremely nonlinear problem, dependent on a lot of continuous and 

discrete decision variables. Further by adding constraints like subsurface geomechanics, well drilling 

and construction, and surface facilities, geological and economic uncertainty can add complexity to the 

problem. This problem can become more complicated where unconventional wells (horizontal, 

deviated or multilateral) are considered. 
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Also, a lot of runs may be needed to get good results that represent the optimal solution of the 

problem. The number of possible solution combinations to the well placement variables increases 

exponentially along the increase of decision variables. Finding the optimum solution for this problem 

by running a few case studies is not feasible. Using intuitive engineering judgment alone also could 

not be enough and may bias results. For almost many decades, a lots of researchers have attempted 

to solve this problem through automatic optimization procedures. The optimization algorithms used for 

this type of problems need to be: 

i) Efficient: it should not demand excessive computer time or storage 

ii) robust: it has to perform well on a wide variety of problems in its class, for all 

reasonable values of the starting point 

We can differentiate well optimization algorithms in two main: derivative-free and gradient based 

algorithms. 

Derivative-free methods are less susceptible to get stuck in local minima contrast with gradient based 

methods. But, derivative-free methods may demand more function evaluations to get a satisfactory 

solution. Contrary, gradient based algorithms are computationally quick because the gradient 

information in a particular point could be utilized to move fast towards an optimal point, but on the 

other hand they are more prone to get stuck in local minima mainly in heterogeneous reservoirs where 

the porosity and permeability values vary across the reservoir. 

Derivative-free methods are vastly utilized in well placement optimization, and they are not invasive 

with regard to the reservoir simulators. We can differentiate the prime approaches to derivative-free 

optimization methods as stochastic and deterministic methods. 

Stochastic methods are very desired because they are efficient in averting the local minima. These 

methods use an arbitrary search to avert local optimum. And randomized search is not mean 

unstructured search or search that could be in random directions. These methods contain some 

random parameters on their formulation and these assist them to avert getting stuck in local 

optimums. 

2.3 Stochastic methods 

 

Stochastic methods depend on the random components to examine a large amount of search space 

by decreasing the possibility of being stuck in local optimums. despite the fact that these algorithms 

are efficient, it is Hard to examine them mathematically. Hence, they are not known to have a solid 

convergence theory comparing to deterministic approaches. A lots of stochastic methods are 

population based methods. So many function evaluations are executed in each iteration. The structure 

of these algorithms tend to be very adaptable, which let easy modification and coupling with other 
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methods. But, these algorithms still require tuning of the parameters, which could impact their 

performance crucially. For example, there is still a shortage of theoretical knowledge about the 

optimum population size of these algorithms. It is generally problem dependent and it could get long 

amount of time and computation to get the optimal population size for each problem. Generally, the 

larger the population size, the larger the global search space covered. Note, despite these methods 

are universal in nature, they could serve like a local search technique in situation where the population 

size is small in comparison with the number of optimization variables. One of these methods, used 

under the scope of this thesis is the Particle Swarm Optimization (PSO). 

 

2.4 Particle Swarm Optimization 

 

Inspired by the flocking and schooling patterns of birds and fish, PSO was created by Russell Eberhart 

and James Kennedy in 1995. PSO algorithm is a co-operative, population-based global search swarm 

intelligence metaheuristics.  

The algorithm tries to simulate social interactions showed in animal groups, e.g., schools of fish and 

flocks of birds. It is composed of a population of solutions, here referred to as particles rather than 

individuals. The position of each particle is settled according to its fitness and position respective to 

the other particles. The PSO algorithm has been shown to find optimal solutions in many different 

application areas such as in oil and gas industry.  

At every iteration, every particle in the swarm moves to a new position in the search space. consider 

𝑋𝑖(k)={𝑋𝑖,1(𝑘), … . , 𝑋𝑖,𝐷(𝑘)} is the position of particle i in a D-dimensional search space at iteration k.  

consider �̂�𝑖(𝑘) = {�̂�𝑖,1(𝑘), . … , �̂�𝑖,𝐷(𝑘)}  depict the best position (solution) found by particle i up to 

iteration k, and consider y∗ (k) = {�̂�𝑖,1(𝑘), … , �̂�𝑖,𝐷(𝑘)}  be the best position found by any of the particles 

in the neighborhood of 𝑋𝑖 up to iteration k.  The neighborhood topologies are mentioned in detail 

below. One option is for the neighborhood to contain the full swarm of particles, where, y∗ (k) = 𝑦𝑔(𝑘) , 

along 𝑦𝑔(𝑘) indicates the global best particle position. The new position of particle i in iteration k + 1, 

𝑥𝑖(k+1) , is calculated by compiling a velocity, 𝑣𝑖(𝑘 + 1) = {𝑣𝑖,1(𝑘 + 1), … , 𝑣𝑖,𝐷(𝑘 + 1)}, to the current 

position 𝑥𝑖(𝑘). (Eberhardt 1995).  

𝑥𝑖(k+1) = 𝑥𝑖(𝑘)+ 𝑣𝑖(𝑘 + 1)                                              (1) 

The components of 𝑣𝑖(𝑘 + 1) are calculated as follows : 

𝑣𝑖,𝑗(𝑘 + 1) = ω𝑣𝑖,𝑗(𝑘)+𝑐1𝑟𝑖,𝑗 (�̂�𝑖,𝑗(𝑘) − 𝑥𝑖,𝑗(𝑘) + 𝑐2𝑟2,𝑗(𝑦
𝑗
∗(𝑘) − 𝑥𝑖,𝑗(𝑘))                (2) 
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where j designates component in the search space; ω, ,𝑐1 and 𝑐2are weights 𝑟1,𝑗  and 𝑟2,𝑗 are random 

numbers within the interval (0,1). 

As mentioned in equation 2, the velocity includes three contributions, mention to as the inertia, 

cognitive, and social components (Eberhardt 1995). The inertia component ω𝑣𝑖,𝑗(𝑘) let the particle to 

continue in the direction in which it was moving at iteration k. The cognitive term (𝑐1) captures the 

particle memory according to its previous best position and gives a velocity component in this 

direction. The social component (𝑐2) presents information regarding the best position of any particle in 

the neighborhood of particle i and cause movement towards this particle. The velocity equation 

presents a random combination of these three components. Hence, each particle moves to a new 

position according to its existing trajectory, own memory, and the collective experience of other 

particles. A schematic representation of the PSO for a particle in a two-dimensional search space is 

shown in Figure 1. The vectors 𝑣𝑖
𝑐(𝑘)and 𝑣𝑖

𝑠(𝑘) presents the difference between the current position of 

the particle, 𝑥𝑖(𝑘), and its previous best position �̂�𝑖(k)and global best position 𝑦𝑔(𝑘),repectively. The 

previous velocity 𝑣𝑖(𝑘) and vectors 𝑣𝑖
𝑐(𝑘) and 𝑣𝑖

𝑠(𝑘) are megred stochastically to obtain the new 

velocity 𝑣𝑖(𝑘 + 1). The new velocity is then added to the previous position to obtain the new particle 

position, 𝑥𝑖(k+1).  

 

Figure 1-Illustration of PSO velocity and particle position update (Eberhardt 1995) 

 

The algorithmic steps of particle swarm optimization are shows below in Figure 2. The algorithm 

begins by adjusting the parameters, like inertia weight, acceleration coefficients, maximum number of 

iterations and the velocity of every particle is set to zero. Objective function value for particles 
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computed according to the initial positions. Initial personal best positions fixed identical as initial 

positions and global best position is updated according to the objective function values.   

After the calculation of personal and global best positions of particles, velocity of every particle is 

computed and particle positions are updated according to the velocities. In the next iterations, 

personal and global best cases are then compared against the previous values and updated 

appropriately. After updating personal and global best positions, the procedure continues once more 

with updating velocities and positions. This procedure iterates till convergence criteria like maximum 

number of iterations is reached. 

 

 

 

Figure 2-Algorithm (Russell Eberhart and James Kennedy in 1995) 

 

 

2.5 PSO in large-scale field development. 

 

Large-scale field development contains lots of wells. These wells could be vertical, horizontal or 

unconventional wells and the number of optimization variables could be very large. This can reduce 

the performance of the particle swarm optimization algorithm crucially. Also, implication of realistic 
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constraints could reduce the performance of the algorithm more. To conquer this problem a lots of 

methods had been considered to reduce the optimization variables and size of search space. For 

instance, many different possible reservoir regions could be counted as an alternative of the whole 

reservoir to reduce the number of feasible solutions or search space. Another method is considering 

the wells within the patterns through the optimization. Integration of these techniques could raise the 

performance of particle swarm optimization notably in large scale field development problems. 

Onwunalu et al. (2008) combined well pattern optimization procedure within particle swarm 

optimization algorithm in a moreover work and used the new algorithm for large scale field 

development optimization. Outcomes showed that the new algorithm offer much better results in 

comparison with standard particle swarm optimization. They have also applied a meta-optimization 

procedure. The procedure optimized parameters of particle swarm optimization within the optimization 

process. The meta-optimization procedure was used in two steps. First step, the parameters of the 

algorithm have been optimized then, in second step, the algorithm was run with parameters optimized 

to optimize the locations of wells. They concluded that by including the well pattern optimization and 

meta-optimization procedure inside particle swarm optimization, the performance of the algorithm in 

large scale field development problems raised. 
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3. Methodology 

 

The methodology adopted in this thesis can be basically divided into three major sections: the 

generation of the base case scenario, by changing the fluid system from the original Norne model 

scenario and optimizing its production wells’ rates; the generation of different scenarios considering 

the regularity and distances of different well patterns; and finally the optimization of the selected 

parameters.  

The base case scenario was created by changing the fluid system of the original model in other to be 

able to reduce the variables to be optimized hence the switching of all the gas injection wells from the 

original Norne field into water injection fields, with other reservoir parameters maintained. The 

production and injection rates were then optimized to obtain optimal results of the dynamic model as a 

base case scenario. Afterwards, six different well patterns scenarios, considering well distances and 

well perforations were optimized in order to maximize the oil recovery and reduce gas and water 

productions. 

The dynamic reservoir simulations ran in tNavigator® (Rock Flow Dynamics) and the optimization 

process was done using Raven (Epistemy). A simplified schematic representation of the workflow 

previously described is presented in the Figure 3. 

 

Figure 3-Schematic representation of the methodology adopted under the development of this thesis 

 

To achieve this goal, an optimization study of the variables affecting the oil production was conducted.  

This chapter is dived into three main sections. The first section comprises a brief description of the 

Norne field, including field overview, geological description and general information about the field.  
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The second part introduces the method of selection and deployment of the wells pattern across the 

reservoir manually then automatically considering well distance and maximum possible number of 

wells in the different cases created on Norne field. The third section shows the process of optimization 

of the variable that influence the production related to each pattern.  

 

3.1 Norne field overview  

 

The Norne field is located in the southern part of the Nordland II area in the Norwegian Sea exactly on 

blocks 6607/10 and 6507/1. It is located 85 kilometers far from Heidrum and approximately 200 km 

distance from the north of the Norwegian coast (Statoil 2001).  

 

This area has a water depth of 370 meters. Hydrocarbons in the Norne field are situated in the lower-

to Middle-Jurassic sandstones, which are known to have good reservoir quality. Hydrocarbons in the 

Norne field are situated in the Lower- to Middle-Jurassic sandstones, which are known to have good 

reservoir quality (Statoil 2001).  

 

The oil zone consists of 115 meters thick along an overlying gas cap, which makes the hydrocarbon 

column. The reservoir has a flat structure along crest about 2525m of depth. Reservoir pressure is 

near to hydrostatic, with a formation pressure of 273bar and a temperature of 98°C at a reference 

depth of 2639m below mean sea level. The oil/water contact is located at 2688m. Reserves in-place 

are estimated at 216 million mln.sm3 of oil.  

 

The reservoir is approximately 3 x 9 km in extent, at a depth of around 2.5 km bellow the sea surface 

at its shallowest; it consists of lower and middle Jurassic sandstones in a NE/SW trending horst block. 

 

The gas cap is roughly 75 m thick and oil column of 115 meters. Sub-horizontal shale permeability 

barriers and faulting have a huge impact on water injection and on reservoir production. The reservoir 

blocks are separated by four main fault blocks. 

 

The Oil and gas is located in Jurassic sandstones with porosity ranges between 17-32% and 

permeability ranges from 19 to 1376 md. Oil is mostly found in the Ile and Tofte formations, and the 

gas in the Garn formation. The cap rock that seals the reservoir and retains the oil and gas in place is 

the Melke formation. The Not formation also serves as a cap rock, hindering communication between 

the Garn and the Ile Formations. 

 

The whole reservoir thickness, from Top Åre to Top Garn Formations, varies over the Norne Field 

from 260 m in the southern parts to 120 m in the northern parts.  Norne consists of two separate oil 

compartments; Norne Main Structure (Norne C‐, D and E‐segment, discovered in 1991), which 

contains 97% of the oil in place, and the North‐East Segment (Norne G‐segment). 
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3.2 Reservoir model description  

 

The optimization procedure developed in this thesis was carried out on 3-D Norne reservoir model 

consisting of 46 x 112 x 22 grid blocks. The phases present in the reservoir are oil, water and gas. The 

model has 36 wells, with 4 producers and one injection wells drilled at the start, then gradually drilling 

more wells each year for a period of 9 years, from 1997 to 2006.    

The basic geometry of the simulation grid and various rock properties (e.g., porosity, absolute 

permeability) in each grid cell are specified in the grid section. From these properties, the pore 

volumes of the grid blocks and the inter-block transmissibility are calculated by the simulator. 

 

The porosity distribution in the reservoir is assumed to be heterogeneous with mean value of 0.27, the 

permeability is heterogeneous also with an average value of 478 mD in X and Y direction, while it is 95 

mD in Z direction. Net-to gross sand for in the geological model has a mean value of 0.97.  

 

Figure 4 shows the porosity distribution of Norne field reservoir model, where the high porosity regions 

(orange-red) are the reservoir facies while the low porosity regions (blue- green) are the non-reservoir 

facies. 

 

Figure 4-Porosity distribution 

 

Permeability is one of the most influential factors for understanding fluid flow in porous media. Figure 5 

show the permeability distribution in the x, y and z directions of the Norne field reservoir model.  
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Figure 5-Permeability distribution (a.Perm X, b.Perm Y, c Perm Z) 

 

Figure 6 represents the net-to-gross controlled by the facies distribution, with each facies having 

distinguished net-to-gross values ranges between 0.79 and 1. 

 

 

Figure 6-Net to gross distribution 
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Figure 7 shows the initial oil saturation of Norne field, the red portion of the reservoir represents the 

highest area of oil saturation, contains 80%, while the bleu area is the lowest.  

 

 

Figure 7-Oil saturation 

As it is a reservoir with gas cap, Figure 8 presents the initial distribution of the gas saturation, the red 

portion of the reservoir represents the highest area of gas saturation, contains 80% of gas. 

 

 

Figure 8-Gas saturation 

Figure 9 shows the water distribution across the reservoir, the blue en area indicates a very low water 

saturation, around 20%. The red area is the portion of the reservoir which is fully saturated with water. 
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Figure 9-Water saturation 

 

3.3 Model initialization  

 

The Norne field has 4 different segments with varying Gas-oil (GOC) and oil-water (OWC) contacts. 

The reservoir model was initialized providing the simulator with the GOCs and OWCs in the different 

formations and they are listed in the Table 1 below in meter unit. 

 

Table 1-OWC and GOC depth of different segments 

Formation C-segment D-segment E-segment G-segment 

 OWC GOC OWC GOC OWC GOC OWC GOC 

Garn 2691 2581 2691 2581 2617 2582 2585 No gas cap 

Ile 2692 2584 2692 2584 2692 2585 Water  Water 

Tofte 2692 2584 2692 2584 2692 2585 Water  Water  

Tilje 2692 2584 2692 2584 2692 2585 Water  Water  

 

The pressure and temperature used in the simulation model is 273 bar and 98°C respectively at 2638 

m depth. It is assumed that three different equilibrium regions exist in the reservoir. 

 

Table 2-Characteristics of fluid Parameters for Norne Field 

 Unit Norne field 

Bubble point Bar 251 

Gas Oil Ratio Sm3/Sm3 111 
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Oil density at bubble point g/cm3 0.712 

Oil Viscosity at bubble point cp 0.58 

 

Table 3-Initial volumes in place of Oil, water and Gas 

 Norne field 

oil in place    216     mln.sm3 

gas in place 4998   th.sm3 

water in place     422     mln.sm3 

 

 

Figure 10-reservoir fluids in equilibrium at initial conditions 

These data were adequate to define the initial state of every grid block in the reservoir. 

3.4 Production Scheme 

 

Different production schedule was implemented for the several scenarios and the scenarios are 

discussed below. 

3.4.1 Base Case Scenario 

 

The initial Norne field reservoir model consists of 36 wells. For our base case scenario, the total 

number of 36 wells were all kept vertical, contrary to Statoil production scheme, which has some of the 

wells horizontal. Moreover, the gas injection wells of the original version of Statoil, turned into water 

injectors completely in this thesis, so there was only water injection wells. Also, in this thesis, the 

injection wells were placed in different position than the original case of Statoil. The scheme of the 

base case was to inject water at the flanks, because the reservoir was considered almost continuous, 

and would create an a good edgewater drive. 
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The base case model was in production for 9 years with a total of 36 wells drilled within this period, 27 

production wells and 9 injection wells. The production period started with drilling 5 wells (4 production 

wells and 1 injection well). 5 wells (4 production wells and 1 injection well) were added after 2 years 

and another 5 wells (4 production wells and 1 injection well) were added after 3 years. 6 more wells (4 

production wells and 2 injection wells) were added after 14 months, then followed by 8 wells (3 injector 

wells and 5 production wells) after 19 months. Finally, 7 more wells were added after 9 months and 

ran for further 15 months. This schedule sequence is shown in Figure 11. 

 

Figure 11-Drilling time sequence of the base case 

 

3.4.2    5-spot well pattern 

 

In this scenario, 2 options were tested. A regular 5-spot well pattern with well-defined well spacing and 

an irregular 5 spot well pattern with no well-defined well spacing. In the regular scheme, the wells 

were placed manually with a 60 acres well pattern size while for the irregular scheme, the wells 

pattern size was inconsequential.  

This case contains 27 wells, because the well pattern size can only accommodate this amount on the 

reservoir, 18 of them are producer wells and 9 water injectors. In this scenario, we start initially with 5 

wells, 4 production wells and 1 injection well which produced for 2 years. Afterwards, 6 wells were 

added consisting of 4 production wells and 2 injector wells, operating all the total number of wells 

operating for more 3 years. Then further 6 wells of the same proportion were added along all number 
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of wells, operating for more 1 year and 2 months. The final set of 4 wells with 2 productions and 2 

injections well operating for 1 year and 9 months. This schedule sequence is shown in Figure 12. 

 

Figure 12-Drilling time sequence of the 5-spot well patterns 

 

3.4.3   7-spot well pattern 

 

In this scenario, 2 options also were tested. A regular 7-spot well pattern with well-defined well 

spacing and an irregular 7 spot well pattern with no well-defined well spacing. In the regular scheme, 

the wells were placed manually with a 60 acres well pattern size while for the irregular scheme, the 

wells pattern size was inconsequential.  

This case consists of 34 wells, because the well pattern size can only accommodate this amount on 

the reservoir, 27 of them are producer wells and 7 water injectors. In this scenario, we start initially 

with 5 wells, 4 production wells and 1 injection well which produced for 2 years. Afterwards 6 wells 

were added consisting of 5 production wells and 1 injector, and all the wells operating for more 3 

years. Then more 6 wells of the same proportion were added and the model produced for more 1 year 

and 2 months. Later 5 new wells were drilled, 4 producers and 1 injector and the model operating 

further for 1 year and 7 months. Next, 5 more wells were drilled, 4 producers and 1 injector, and model 

operating further for 9 months. Next 7 new wells were added 6 of them producers and 1 injector, all 

wells now operating for more 3 months. Finally, 2 more wells we drilled, 1 producer and 1 injector and 

them simulation done for more year and 3 months. This schedule sequence is shown in Figure 13. 
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Figure 13-Drilling time sequence of the 7-spot well patterns 

 

3.4.4    9-spot well pattern 

 

In this scenario, 2 options also were tested. A regular 9-spot well pattern with well-defined well 

spacing and an irregular 9 spot well pattern with no well-defined well spacing. In the regular scheme, 

the wells were placed manually with a 60 acres well pattern size while for the irregular scheme, the 

wells pattern size was inconsequential.  

This case consists of 33 wells because the well pattern size can only accommodate this amount on 

the reservoir, 27 of them are producer wells and 6 water injectors. In this scenario, we start initially 

with 6 wells, 5 production wells and 1 injection well which produced for 2 years. Next, 6 new wells 

were added consisting of 5 production wells and 1 injector well, all the wells operating for more 3 

years. Then more 6 wells of the same proportion were added and, the model produced for more 1 

year and 2 months. Later 6 new wells were drilled, 4 producers and 1 injector wells and the model 

operating further for 1 year and 7 months. Next, 6 more wells were drilled, 5 producers and 1 injector, 

and model operating further for 9 months. Finally, 3 new wells were added 2 of them producers and 1 

injector, all wells now operating for more 3 months. This schedule sequence is shown in Figure 14.  
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Figure 14-Drilling time sequence of the 9-spot well patterns 

 

3.5 Optimization  

 

This thesis proposes a methodology to simultaneously optimize production and injection wells in the 

Norne field reservoir model. The main optimization studies were focused on the placement of the wells 

and its perforations in order to maximize the oil recovery and reduce the gas and water production in 

the reservoir. The multi-objective functions for all the scenarios was the optimization of the oil 

recovery, and minimization of the gas and water production is presented in equation 3.  

                           Multi-objective functions = min(FOIP); min (FGPT); min (FWPT)                          (3) 

min (FOIP) refers to minimization of field oil initially in place, min (FGPT) refers to the minimization of 

field gas production total, min (FWPT) set to minimize field water production total.  All the functions 

considered, have the same weight which 33% each.  

Each optimization process is described in the sections below. 

 

3.5.1 Rates Optimization of the base case scenario 

 

Rates of production and injection in oil production are very important parameters in the wells, they 

determine the volume of fluids produced or injected and has a great effect on the life of the reservoir if 

not properly managed.  In the base case scenario, the production and injection rates in the wells were 

all optimized in order to obtain optimal results that would allow minimize our multi-objective functions. 
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The production and injection rates were optimized sequentially as the new wells appear sequentially. 

A Stochastic adaptive sampling algorithm, particle swarm optimization PSO was used for this process. 

The rate interval imputed was between 100 to 10000 stb/day, with 300 iterations. The results obtained 

here were used as constants for all the wells for the rest of the study. 

 

3.5.2 Well pattern optimization 

 

The optimization of large-scale multi-well field development projects is challenging because to the 

number of optimization variables and the size of the search space could be very large. This difficulty 

can be reduced by considering well patterns and then optimizing parameters associated with the 

pattern type. Two type of well pattern optimization were done in this thesis; they are discussed below.  

 

3.5.2.1   Regular well pattern optimization 

 

Regular well pattern optimization is a type of well pattern optimization in which a certain well pattern 

design is deployed in the reservoir taking into account equal well pattern size leading to an equal well 

distance.  

In this thesis, the well pattern size considered was 60 acres for 3 different well pattern design. The 

well pattern design studied in this thesis were the 5-spot, 7-spot and 9 spot inverted well patterns 

meaning one injector in the middle, all within an equal well pattern size of 60 acres Figure 15. 

 

Figure 15- Different well patterns with regular well spacing 
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The deployment of a fixed pattern size and design are done manually by placing them in high oil 

saturation area, and only the optimization of perforation intervals of all the wells were carried out for 

the 5, 7 and 9-spot regular well pattern.  

In the reservoir model, the wells have an upper and lower perforation interval, on eclipse file code 

represented respectively by K1 and K2. Those K1 and K2 of all the wells were replaced in the 

reservoir model code by symbols $, means variable to optimize. Then automatically optimized with 

PSO algorithm by Raven software. To do so, the reservoir model has 22 cells in the vertical direction. 

These 22 cells were divided by two to give two intervals {1,10} and {11,22}. Thus, during the 

optimization process, the upper perforation interval represented by K1 has a range of possible solution 

between cells {1,10} in the vertical direction, while the lower perforation interval has a range of 

possible solution between cells {11,22}.  

In the 5 spot regular well pattern, there are 27 wells, each well has two variables to be optimized 

which are upper and lower perforation interval refer respectively as said before K1 and K2 on eclipse 

file code. Hence for this case scenario, 54 parameters were replaced in the reservoir model code by 

symbols $, means variable to optimize, and automatically optimized with PSO algorithm by Raven 

software for 300 iterations. 

In the 7 spot regular well pattern, there are 34 wells, hence 68 parameters were replaced in the 

reservoir model code by symbols $, means variable to optimize, and automatically optimized with PSO 

algorithm by Raven software for 300 iterations. 

In the 9 spot regular well pattern, there are 33 wells, thus 66 parameters were replaced in the 

reservoir model code by symbols $, means variable to optimize, and automatically optimized with PSO 

algorithm by Raven software for 300 iterations. 

 

3.5.2.2   Irregular well pattern optimization 

 

The irregular well pattern optimization is a type of well pattern optimization in which a certain well 

pattern design is deployed in the reservoir without taking into account equal well pattern size leading, 

thus distance between wells is not considered and production wells are allowed to be located 

anywhere. The well pattern design studied in this scenario were the 5, 7 and 9-spot inverted well 

patterns again. For these scenarios, the production wells location is considered as variables, hence 

they are optimized along the perforation interval of all the wells. To do so, the reservoir was divided 

into equal sections of 60 acre, to give an interval for each well as a range of possible solutions for the 

optimization Figure 16. 
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Figure 16- wells pattern with Irregular well spacing 

 

In the 5 spot irregular well pattern, as said earlier, it has all the upper and lower perforation intervals of 

all the wells optimized simultaneously, along the optimization of the location in i and j direction of the 

production wells. As there are 27 wells in this case, 72 parameters were replaced in the reservoir 

model code by symbols $, means variable to optimize, and automatically optimized with the PSO 

algorithm by Raven software for 300 iterations. 

In the 7 spot irregular well pattern, it has all the upper and lower perforation interval of all the wells 

optimized simultaneously, along the optimization of the location in i and j direction of the production 

wells. As there are 27 wells in this case, 122 parameters were replaced in the reservoir model code by 

symbols $, means variable to optimize, and automatically optimized with the PSO algorithm by Raven 

software for 300 iterations. 

In the 9 spot irregular well pattern, as said earlier, it has all the upper and lower perforation interval of 

all the wells optimized simultaneously, along the optimization of the location in i and j direction of the 

production wells. As there are 27 wells in this case, 120 parameters were replaced in the reservoir 

model code by symbols $, means variable to optimize, and automatically optimized with the PSO 

algorithm by Raven software for 300 iterations. 
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4. Results and Discussion 

 

This chapter presents and analyzes the results obtained from optimization. A base case was 

optimized, then simulated to get its field performance. Afterward, the six cases were optimized, and 

the best result of each case were also simulated to get its field performance. Finally, and the cases 

were compared against each other in terms of total oil, water and gas production, and the net present 

value were computed to identify to the best case scenario.  

 

4.1 Base case scenario rate optimization  

 

The results from the production rate optimization are presented in this section. Figure 17 shows 

results of the optimization process, the different relationship between the oil production rate of well 5 

to the total oil, water and gas production can be observed. 

Generally, the effect of the oil production rate of well 5 on the hydrocarbon production has a clear 

trend, as we can see, it tends to converge towards certain points as shown below in Figure17. 

 

Figure 17-oil production rate of well 5 vs: a)FOIP; b)FGPT; c)FWPT 
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After the optimization process of all the wells rate of the base case, the best solution was picked and 

showed below in Table 4.  

Table 4-best production rates for all the wells of the base case 

Wells Name Location 
(I,J) 

Perforation 
interval 
(k1-k2) 

optimized rate 
(th.sm3/day) 

Prod 1 17,31 9-10 8473.99 

Prod 2 22,22 5-13 7478.20 

Prod 3 14,26 9-9 2675.29 

Prod 4 10,32 1-22 5435.24 

Prod 5 19,38 1-22 9259.79 

Prod 6 12,72 1-22 3563.15 

Prod 7 14,34 14-15 9361.60 

Prod 8 9,37 11-15 9908.79 

Prod 9 18,68 5-9 3767.297 

Prod 10 13,67 8-9 2490.66 

Prod 11 36,96 2-15 2556.62 

Prod 12 38,98 2-2 2465.60 

Prod 13 19,54 1-22 4715.84 

Prod 14 20,54 14-14 6215.72 

Prod 15 7,64 1-2 4743.12 

Prod 16 9,46 1-22 7449.76 

Prod 17 15,46 9-9 2600.61 

Prod 18 16,66 1-2 9388.46 

Prod 19 25,37 5-8 1277.09 

Prod 20 10,29 5-9 1195.70 

Prod 21 15,74 1-22 5482.90 

Prod 22 13,72 5-5 1118.42 

Prod 23 17,64 5-5 1438.92 

Prod 24 23,46 7-8 2603.93 

Prod 25 10,24 1-3 8805.59 

Prod 26 10,26 13-13 8318.13 

Prod 27 11,28 5-5 3481.69 

Inj 1 11,35 1-2 8769.40 

Inj 2 26,44 1-22 4659.85 

Inj 3 26,30 19-20 8844.89 

Inj 4 26,18 1-22 7096.66 

Inj 5 12,85 2-22 5750.55 

Inj 6 18,83 1-22 4032.45 

Inj 7 6,57 1-22 7008.976 

Inj 8 36,68 1-22 9301.90 

Inj 9 29,51 1-19 7049.65 
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4.2 Well pattern optimization 

 

4.2.1 Regular well pattern optimization 

 

Regular well pattern optimization for 5, 7 and 9-spot well pattern: The results from the Perforation 

interval optimization are presented below. 

4.2.1.1   5-spot regular  

 

Figure 12 shows the spatial distribution of the 5-spot regular well pattern used for this optimization. 

Figure 18 shows the results of the optimization process for the upper and lower perforation intervals 

(K1, K2) for production well 5. The different relationship between the perforation interval to the total oil, 

water and gas production can be observed.  

For the oil production, we can observe convergence in the well perforation interval values for oil and 

water production. In Figure 18.c) and d), the particles converge for the upper and lower perforation at 

values 6 and 18 respectively for the oil production(FOIP), while in Figure 18 e) and f) it converges at 

values 5 and 17 for the upper and lower perforation respectively for water production (FWPT). For the 

gas production (FGPT) however, we can observe the uncertain nature of the perforations in Figure 18 

a) and b). The results show that the optimum upper perforation would be between 4 and 10 while for 

the lower perforation happen to be between 12 and 19. Hence, in order to satisfy our multi-objective 

functions, these values have to be considered and incorporated. A perforation interval for oil well 

production 5 between 6 and 18 would be considered. Figure 19 shows the 3D pareto front of multi-

objective function with best possible solution. Further, the best solution was picked and shown in the 

table below Table 5.   
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Figure 18-Perforation interval of production well 5 vs multi-objective functions: a) upper perforation interval vs 
FGPT ; b) lower perforation interval vs FGPT ; c) upper perforation interval vs FOIP ; d) lower perforation interval 

vs FOIP ; e) upper perforation interval vs FWPT ; f) lower perforation interval vs FWPT 
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Figure 19-3D pareto front of 5-spot regular well pattern optimization 

 

 

Table 5-best perforation interval for all the wells of the 5-spot regular well pattern 

Wells Name Location (I,J) Rate  
(Th.sm3/day) 

Optimized perforation 
interval (k1-k2) 

Prod 1 8,12 8473.99 7 -16 

Prod 2 8,20 7478.20 4 - 17 

Prod 3 25,12 2675.29 6 - 18 

Prod 4 25,20 5435.24                7 - 16 

Prod 5 8,28 9259.79 6  -18 

Prod 6 8,36 3563.15 8 – 17 

Prod 7 25,28 9361.60 4 – 12 

Prod 8 25,36 9908.79 6 - 15 

Prod 9 8,14 3767.29 7 - 14 

Prod 10 8,52 2490.66 7-  19 

Prod 11 25,44 2556.62 8-  17 

Prod 12 25,52 2465.60 3 - 16 

Prod 13 8,60 4715.84 7-  17 

Prod 14 8,68 6215.72 7 - 14 

Prod 15 25,60 4743.12 5 - 18 

Prod 16 25,68 7449.76 3 - 18 

Prod 17 8,76 2600.61 3 -  15 

Prod 18 8,84 9388.46 7 -  16 

Inj 1 17,16 9729.50 2  -17 

Inj 2 17,24 4659.85 6 -13 

Inj 3 17,32 8844.89 8 - 15 

Inj 4 17,40 7096.66 8  -21 
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Inj 5 17,48 5750.55 3-  18 

Inj 6 17,56 4032.45 4 - 16 

Inj 7 17,64 7008.97 7 - 17 

Inj 8 17,72 9301.90 6  - 17 

Inj 9 17,88 7049.65 3-  19 

 

 

4.2.1.2   7-spot regular  

 

Figure 13 shows the spatial distribution of the 7-spots regular well pattern used for this optimization. 

Figure 20 shows the results of the optimization process for the upper and lower perforation intervals 

(K1, K2) for production well 5. The different relationship between the perforation interval to the total oil, 

water and gas production can be observed.  

For the oil production, we can observe convergence in the well perforation values for oil and water 

production. In Figure 20 c) and d), the particles converge for the upper and lower perforation at 8 and 

15 respectively for the oil production(FOIP) while it converges at 8 and 13 for the upper and lower 

perforation respectively for water production (FWPT) in Figure 20 e) and f). For the gas production 

(FGPT) however, we can observe the uncertain nature of the perforations in Figure 20 a) and b). The 

results show that the optimum upper perforation would be between 4 and 10 while for the lower 

perforation between 12 and 21. Hence, in order to satisfy our multi-objective functions, these values 

have to be considered and incorporated. A perforation between 8 and 15 would be advised. Figure 21 

shows the 3D pareto front of multi-objective function with best possible solution. Further, the best 

solution was picked and shown in the table below Table 6. 
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Figure 20- Perforation interval of production well 5 vs multi objective functions: a) upper perforation interval vs 
FGPT ; b) lower perforation interval vs FGPT ; c) upper perforation interval vs FOIP ; d) lower perforation interval 

vs FOIP ; e) upper perforation interval vs FWPT ; f) lower perforation interval vs FWPT 
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Figure 21-3D pareto front of 7-spot regular well pattern optimization 

 

 

Table 6-best perforation interval for all the wells of the 7-spot regular well pattern 

Wells Name Location (I,J) Rate(Th.sm3/day) Optimized 
perforation 

interval (k1-k2) 

Prod 1 12,12 8473.99 7-  15 

Prod 2 8,16 7478.20 7 - 18 

Prod 3 21,12 2675.29 9  -16 

Prod 4 25,16 5435.24 9  -12 

Prod 5 12,20 9259.79 8  -15 

Prod 6 8,24 3563.15 6  -15 

Prod 7 21,20 9361.60 7  -14 

Prod 8 25,24 9908.79 6  -16 

Prod 9 12,28 3767.29 6  -17 

Prod 10 8,32 2490.66 8  -15 

Prod 11 21,28 2556.62 3  -17 

Prod 12 25,32 2465.60 4-  17 

Prod 13 12,36 4715.848 8 - 16 

Prod 14 8,40 6215.72 8  -19 

Prod 15 21,36 4743.12 5  -13 

Prod 16 25,40 7449.76 6  -17 

Prod 17 12,44 2600.61 5 - 16 

Prod 18 8,48 9388.46 4  -19 

Prod 19 21,44 1277.09 5 - 19 

Prod20 25,48 1195.70 7  -16 

Prod21 12,52 5482.90 3  -16 

Prod22 8,56 1118.42 7  -17 

Prod23 12,60 1438.92 6  -15 

Prod24 21,52 2603.93 5  -16 
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Prod25 25,56 8805.59 3 - 16 

Prod26 21,60 8318.13 8 - 17 

Prod27 8,64 3481.69 3 - 15 

Inj 1 17,16 9729.50 7 - 15 

Inj 2 17,24 4659.85 5 - 16 

Inj 3 17,32 8844.89 7 - 13 

Inj 4 17,40 7096.66 3 - 13 

Inj 5 17,48 5750.55 1 - 16 

Inj 6 17,56 4032.45 5 - 16 

Inj 7 17,64 7008.97 2 - 16 

 

4.2.1.3  9-spot regular  

 

Figure 14 shows the spatial distribution of the 5-spots regular well pattern used for this optimization. 

Figure 22 shows the results of the optimization process for the upper and lower perforation intervals 

(K1, K2) for production well 5. The different relationship between the perforation interval to the total oil, 

water and gas production can be observed.  

For the oil production, we can observe convergence in the well perforation values for oil and water 

production. In Figure 22 c) and d), the particles converge for the upper and lower perforation at values 

5 and 15 respectively for the oil production(FOIP), while it converges at 6 and 16 for the upper and 

lower perforation respectively for water production (FWPT) in Figure 22 e) and f). For the gas 

production (FGPT) however, we can observe the uncertain nature of the perforations as shown in 

Figure 22 a) and b). The results show that the optimum upper perforation would be between 4 and 8, 

while for the lower perforation it produces between 12 and 19. Hence, in order to satisfy our multi-

objective functions, these values have to be considered and incorporated. A perforation between 5 

and 15 is chosen for production well 5. Figure 23 shows the 3D pareto front of multi-objective function 

with best possible solution. Further, the best solution was picked and shown in the table below Table 

7. 
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Figure 22- Perforation interval of production well 5 vs multi-objective functions: a) upper perforation interval vs 
FGPT ; b) lower perforation interval vs FGPT ; c) upper perforation interval vs FOIP ; d) lower perforation interval 

vs FOIP ; e) upper perforation interval vs FWPT ; f) lower perforation interval vs FWPT 
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Figure 23-3D pareto front of 9-spot regular well pattern optimization 

 

 

Table 7-best perforation interval for all the wells of the 9-spot regular well pattern 

Wells Name Location (I,J) Rate 
(Th.sm3/day) 

Optimized 
perforation 

interval (k1-k2) 

Prod 1 8,12 8473.99 5 - 15 

Prod 2 8,16 7478.20 7  -18 

Prod 3 17,12 2675.29 6 - 12 

Prod 4 25,12 5435.24 6 - 17 

Prod 5 25,16 9259.79 8 - 17 

Prod 6 8,20 3563.15 8 - 15 

Prod 7 8,24 9361.60 5 - 15 

Prod 8 17,20 9908.79 6  -14 

Prod 9 25,20 3767.29 5 - 15 

Prod 10 25,24 2490.66 6  -16 

Prod 11 8,28 2556.62 4  -16 

Prod 12 8,32 2465.60 7  -18 

Prod 13 17,28 4715.84 7  -14 

Prod 14 25,28 6215.72 5  -15 

Prod 15 25,32 4743.12 7  -15 

Prod 16 8,36 7449.76 6  -17 

Prod 17 8,40 2600.61 8  -13 

Prod 18 17,36 9388.46 7  -14 

Prod 19 25,36 1277.09 7  -16 

Prod20 25,40 1195.70 5  -18 

Prod21 8,44 5482.90 8   -16 

Prod22 8,48 1118.42 6   -15 

Prod23 17,44 1438.92 5 - 19 
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Prod24 25,44 2603.93 6  -16 

Prod25 25,48 8805.59 5  -15 

Prod26 8,52 8318.13 4  -16 

Prod27 17,52 3481.69 3  -16 

Inj 1 17,16 9729.50 6  -16 

Inj 2 17,24 4659.85 2  -19 

Inj 3 17,32 8844.89 4  -15 

Inj 4 17,40 7096.66 7  -17 

Inj 5 17,48 5750.55 4  17 

Inj 6 17,56 4032.45 8  -15 

 

4.2.2 Irregular well patterns  

 

Irregular well pattern optimization for 5, 7 and 9-spot well patterns: The results from the wells location 

optimization are presented below. 

 

4.2.2.1   5-spot irregular 

 

Figure 24 shows the results of the optimization process for location in i and j direction of production 

well 5. The different relationship between the well location to the total oil, water and gas production 

can be observed.  

For the oil production, we can observe convergence in the well perforation values for oil and water 

production. In Figure 24 c) and d), the particles converge for the i and j direction at values 11 and 23 

respectively for the oil production(FOIP) while it converges at values 9 and 23 for the i and j direction 

respectively for water production (FWPT) as shown in Figure 24 e) and f). For the gas production 

(FGPT) in Figure 24 a) and b) however, we can observe the uncertain nature of production well 5 

locations. The results show that the optimum location in i direction would be between 9 and 15 while 

for the j direction produces between values 12 and 19. Hence, in order to satisfy the multi-objective 

functions, these values have to be considered and incorporated. The production well 5 location at 

coordinates (11,23) would be advised. Figure 25 shows the 3D pareto front of multi objective function 

with best possible solution. Further, the best solution was picked and shown in the Table 8 below, and 

the final location of the wells in shown in Figure 26 b). 
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Figure 24- Production well 5 location vs multi-objective functions: a) production well 5 location in i direction vs 
FGPT ; b) production well 5 location in j direction vs FGPT ; c) production well 5 location in i direction vs FOIP ; d) 
production well 5 location in j direction vs FOIP ; e) production well 5 location in i direction vs FWPT ; f) production 

well 5 location in j direction vs FWPT. 
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Figure 25-3D pareto front of 5 -spot irregular well pattern optimization 

 

Table 8-best location and perforation interval for all the wells of the 5-spot irregular well pattern case 

Wells Name Rate 
(Th.sm3/day) 

Optimized location 
(i,j) 

Optimized perforation 
interval (k1-k2) 

Prod 1 8473.99 13 ,13 7 -16 

Prod 2 7478.20 12 ,20 7 -14 

Prod 3 2675.29 28 , 14 8 -15 

Prod 4 5435.24 17 , 16 6 -13 

Prod 5 9259.79 11 , 23 6  -14 

Prod 6 3563.15 10, 28 7  -17 

Prod 7 9361.60 26, 29 6  -14 

Prod 8 9908.79 25 , 39 4  -16 

Prod 9 3767.29 10  ,44 6  -17 

Prod 10 2490.66 12 ,52 5  -14 

Prod 11 2556.62 24 , 44 8   -19 

Prod 12 2465.60 25 , 51 4  - 15 

Prod 13 4715.84 9  ,60 8  - 19 

Prod 14 6215.72 12 , 69 9  - 16 

Prod 15 4743.12 25 , 61 2  - 18 

Prod 16 7449.76 25 , 67 5  - 17 

Prod 17 2600.61 13, 77 5  - 17 

Prod 18 9388.46 11, 86 7  - 19 

Inj 1 9729.50 26,  21 7 - 15 

Inj 2 4659.85 17, 24 6 -  19 

Inj 3 8844.89 17,  32 4  - 15 

Inj 4 7096.66 17 , 40 4  - 14 

Inj 5 5750.55 17,  48 7  - 14 

Inj 6 4032.45 17 , 56 5  - 16 

Inj 7 7008.97 17 , 64 6  - 18 

Inj 8 9301.90 17 , 72 6  - 17 

Inj 9 7049.65 17     80 2  17 
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Figure 26-  5-spot well pattern: a)regular; b)irregular 

 

4.2.2.2    7-spot irregular 

 

Figure 27 shows the results of the optimization process for location in i and j direction of production 

well 5. The different relationship between the well location to the total oil, water and gas production 

can be observed.  

For the oil production, we can observe convergence in the well perforation values for oil and water 

production. In Figure 27 c) and d), the particles converge for the i and j direction at values 22 and 12 

respectively for the oil production(FOIP), while it converges at 24 and 11 for the i and j direction 

respectively for water production (FWPT) in Figure 27 e) and f). For the gas production (FGPT) ion 

Figure 27 a) and b) however, we can observe the uncertain nature of production well 5 locations. The 

results show that the optimum location in i direction would be between 18 and 27 while for the j 

direction produces between values 10 and 15. Hence, in order to satisfy our objective functions, these 

values have to be considered and incorporated. The production well 5 location would be advised at 

coordinates (22,12). Figure 28 shows the 3D pareto front of multi objective function with best possible 

solution. Further, the best solution was picked and shown in the Table 9 below, and the final location 

of the wells in shown in Figure 29 b). 
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Figure 27- Production well 5 location vs multi-objective functions: a) production well 5 location in i direction vs 
FGPT ; b) production well 5 location in j direction vs FGPT ; c) production well 5 location in i direction vs FOIP ; d) 
production well 5 location in j direction vs FOIP ; e) production well 5 location in i direction vs FWPT ; f) production 

well 5 location in j direction vs FWPT. 
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Figure 28-3D pareto front of 7-spot irregular well pattern optimization 

 

Table 9- best location and perforation interval for all the wells of the 7-spot irregular well pattern case 

Wells Name Rate 
(Th.sm3/day) 

Optimized location 
(i, j ) 

Optimized 
perforation interval 

(k1,k2) 

Prod 1 8473.99 12, 12 9 -15 

Prod 2 7478.20 14 ,16 5 -17 

Prod 3 2675.29 25 , 12 8  -17 

Prod 4 5435.24 25 , 18 5  -16 

Prod 5 9259.79 22 , 12 4  -16 

Prod 6 3563.15 11 , 15 5  -12 

Prod 7 9361.60 19 , 20 6  -15 

Prod 8 9908.79 23 , 25 7  -17 

Prod 9 3767.29 11 ,  28 8   -14 

Prod 10 2490.66 9 , 32 7   -17 

Prod 11 2556.62 23 ,  29 6   -15 

Prod 12 2465.60 22 , 33 8   -16 

Prod 13 4715.84 12  , 37 4   -16 

Prod 14 6215.72 10 , 40 6   -15 

Prod 15 4743.12 28, 37 7   -14 

Prod 16 7449.76 22 , 41 5   -16 

Prod 17 2600.61 11 , 44 8  -17 

Prod 18 9388.46 10 , 48 4  -17 

Prod 19 1277.09 24 , 44 5  -15 

Prod20 1195.70 24 , 48 7  -16 

Prod21 5482.90 11 , 53 6  -19 

Prod22 1118.42 15 , 57 2   -17 

Prod23 1438.92 12 , 61 7  - 17 
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Prod24 2603.93 27 , 53 5  - 18 

Prod25 8805.59 24 , 56 1  - 16 

Prod26 8318.13 22, 60 4  - 19 

Prod27 3481.69 9 , 65 5 - 15 

Inj 1 9729.50 17  ,16 7 - 14 

Inj 2 4659.85 17  ,24 3  17 

Inj 3 8844.89 17  , 32 6 - 17 

Inj 4 7096.66 17  ,40 3  - 16 

Inj 5 5750.55 17 , 48 3 -18 

Inj 6 4032.45 17 , 56 8  -16 

Inj 7 7008.97 9 , 65 5 - 17 

 

 

 

Figure 29-  7-spot well pattern: a)regular; b)irregular 

 

4.2.2.3    9-spot irregular 

 

Figure 30 shows the results of the optimization process for location in i and j direction of production 

well 5. The different relationship between the well location to the total oil, water and gas production 

can be observed.  

For the oil production, we can observe convergence in the well perforation values for oil and water 

production. In Figure 30 c) and d), the particles converge for the i and j direction at values 10 and 24 

respectively for the oil production(FOIP), while it converges at 9 and 20 for the i and j direction 

respectively for water production (FWPT) as shown in Figure 30 e) and f). For the gas production 

(FGPT) Figure a) and b) however, we can observe the uncertain nature of production well 5 locations. 

The results show that the optimum location in i direction would be between 8 and 15 while for the j 

direction produces between values 20 and 25. Hence, in order to satisfy our multi-objective functions, 
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these values have to be considered and incorporated. The production well 5 locations at coordinates 

(10,24) would be advised. Figure 31 shows the 3D pareto front of multi objective function with best 

possible solution. Further, the best solution was picked and shown in the Table 10 below, and the final 

location of the wells in shown in Figure 32 b). 

 

Figure 30- Production well 5 location vs multi-objective functions: a) production well 5 location in i direction vs 
FGPT ; b) production well 5 location in j direction vs FGPT ; c) production well 5 location in i direction vs FOIP ; d) 
production well 5 location in j direction vs FOIP ; e) production well 5 location in i direction vs FWPT ; f) production 

well 5 location in j direction vs FWPT. 
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Figure 31- 3D pareto front of 9-spot  irregular well pattern optimization 

 

 

Table 10- best location and perforation interval for all the wells of the 9-spot irregular well pattern case 

Wells Name Rate 
(Th.sm3/day) 

Optimized location 
(i,j) 

Optimized 
perforation interval 

(k1,k2) 

Prod 1 8473.99 10 ,12 7  -12 

Prod 2 7478.20 10 ,17 3 - 14 

Prod 3 2675.29 17 ,12 9  -17 

Prod 4 5435.24 28 ,12 8  -17 

Prod 5 9259.79 10 ,24 7  -15 

Prod 6 3563.15 25  , 10 7   -15 

Prod 7 9361.60 10 , 24 7   -15 

Prod 8 9908.79 18 , 20 4   -12 

Prod 9 3767.29 26 , 20 4   -18 

Prod 10 2490.66 29 , 25 6   -13 

Prod 11 2556.62 11, 28 5  -16 

Prod 12 2465.60 10 , 33 7 - 14 

Prod 13 4715.84 19 , 20 6  -18 

Prod 14 6215.72 27 , 29 8  -14 

Prod 15 4743.12 26 , 32 9  -16 

Prod 16 7449.76 13  ,37 6 - 16 

Prod 17 2600.61 12  , 41 6  -12 

Prod 18 9388.46 19  ,37 6  -17 

Prod 19 1277.09 25 , 37 6  -18 

Prod20 1195.70 26 , 40 6  -18 

Prod21 5482.90 10 , 46 7  -16 

Prod22 1118.42 7  ,49 6  -14 

Prod23 1438.92 18  , 45 7  -17 

Prod24 2603.93 25 , 44 5  -16 

Prod25 8805.59 26  , 48 4  -18 
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Prod26 8318.13 9  ,53 8  -19 

Prod27 3481.69 15  , 52 5  -18 

Inj 1 9729.50 17 , 16 5  -20 

Inj 2 4659.85 17  , 24 2   -19 

Inj 3 8844.89 17, 32 3  -18 

Inj 4 7096.66 17  , 40 3  -16 

Inj 5 5750.55 17  ,48 9  -20 

Inj 6 4032.45 17  ,56 7  -14 

 

 

Figure 32-  9-spot well pattern: a)regular; b)irregular 

  

4.3 Comparison of the optimized well pattern 

 

After the optimization of the base case and the six case scenario, a simulation of 9 years was done, 

from 1997 to 2006 for all the optimized cases. Then, the result of total oil, water and gas production 

along the field average pressure were extracted and compared against each other. Further, the net 

present value of all cases were also computed and compared.   

 

4.3.1 Field oil production total  

 

In order to determine the best well pattern scheme, the best optimal results of each well pattern 

scheme are hereby compared against each other in terms of total oil, gas and water produced, and 

finally the net present value of each scheme. Figure 33 shows the comparisons between the best 

optimal result in each case in terms of the oil produced. It can be observed from the graph that the 5-

spot well patterns both regular and irregular produced the highest volume of oil as compared to the 

others. 
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Figure 33-Field oil production total vs time 

 

4.3.2 Field gas production total  

 

Figure 34 shows the comparisons between the best optimal result in each case in terms of gas 

produced.  It can be observed from the graph that the 5-spot well patterns with irregular well pattern, 

produced the lowest volume of gas as compared to the others. As, our objective of the optimization at 

the beginning include the minimization of the gas production, Hence, the 5-spot irregular well pattern 

is the best scheme in terms reducing gas production. It can be also seen that all the cases performed 

better than base case in terms of minimization of the gas produced. 
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Figure 34- Field gas production total vs time 

 

4.3.3 Field water production total  

 

Figure 35 shows the comparisons between the best optimal result in each case in terms of water 

produced.  It can be observed from the graph that almost all the cases have lower water production 

than the base case, except the 5-spot regular well pattern, which started to produce more water than 

the base case by the year 2003 to 2006. Also, the 9-spot regular well pattern has the lowest water 

produced comparing to all other cases.  
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Figure 35-Field water production total vs time 

 

4.3.4 Field average reservoir pressure 

 

Figure 36 shows the comparisons between the best optimal result in each case in terms of average 

reservoir pressure. It is clear from the graph that all the cases maintained the reservoir pressure better 

than the base case, with 5-spot regular well pattern having the highest pressure throughout the life of 

the reservoir.  
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Figure 36- Field average pressure vs time of all case 

 

4.3.5 Recoverable and unrecoverable reserves  

 

Table 11- Recoverable and unrecoverable reserves 

 Base 
case 

regular patterns 
5-spot        7-spot       9-spot 

irregular patterns 
5-spot         7-spot        9-spot 

Oil in place, 
STOIIP  
(mln.sm3) . 

216 216 216 216 216 216 216 

Gas in place 

(th.sm3).  

4998 4998 4998 4998 4998 4998 4998 

Recoverable Oil 

reserves 

(mln.sm3).  

76 101 92 95 101 93 93 

Recoverable Gas 

reserves(th.sm3) 

. 

4000 1073 1135 1830 760 1873 1478 

Unrecoverable 

oil reserves 

(mln.sm3) . 

139 115 124 121 115 122 122 
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4.3.6 Net present Value 

 

Present value of money compares the value of established amount of money today to the value of that 

same amount in the future, considering inflation and returns. Net present value (NPV) is the distinction 

between the present value of cash inflow and the present value of cash outflow. In an investment 

opportunity, net present value is used to analyze the profitability of an investment and to make 

decisions considering the capital budgeting. It is sensible to the future cash inflows that an investment 

will yield (Nwaozo 2006). 

Thus, the objective is to calculate the net present value over the life of the reservoir and this is 

achieved after generating the results of the reservoir simulation. For doing this analysis, a number of 

assumptions were made. The economic parameters assumed are presented in Table 12 and oil price 

in Figure 37 below. 

Table 12- Economic parameters 

Economic parameters Costs 

Capital expenditure Capex of vertical well 1,7 MM $ 

Operating expenditure Opex of vertical well 800000 $ 

Inflation rate 8% 

Water injection cost per Mbbl 8 $ 

 

 

Figure 37- Oil price vs time 

 

The calculation of NPV is feasible after extracting results to Excel Spread sheet program from the 

simulation output file. Annual oil production, summation of oil produced from the wells in a year for 

each case, represents a single value. Net present value takes more consideration of the economics of 
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the project period, starting with the first year of production 1997 until the forecast production period to 

2006.  

The base case will be compared with other Scenario cases under the NPV formula used is given 

below; 

Formula: 

NPV=∑ (
𝑐𝑓𝑡

(1+𝑑)𝑡)n
𝑡=0                                                 (4) 

Where 𝑐𝑓𝑡= Cash Flow of a period “t”, dt = Discount rate for period “t” and n= Last period of economic 

horizon. 

Cash flow is cash inflow minus cash outflow. The main elements required for a cash flow analysis are: 

Revenue, R= Production x Price, and Expenditure, Expenditure, E = Operating expenditure (OPEX) + 

capital expenditure (CAPEX). The investment Decision is if NPV > 0, the Project is accepted or NPV < 

0, the Project is rejected. This means the project with the highest NPV is favourable. 

Operating expenditure: 

Operating expenditure is costs that arise on routine and are plot to accomplish the daily operations. 

The costs of doing everyday operations are production costs (support and maintain wells and related 

equipment and facilities, comprises the cost of workovers), Transportation costs, General and 

administrative Costs (like salaries, training) …, (Fanchi 2001). 

Capital expenditure: 

Capital expenditure is costs incurred in carrying out, exploration, appraisal, and development and 

abandonment activities. Thus, exploration expenditures costs are set to characterize areas that could 

warrant examination and examine particular areas that are considered to have prospects in containing 

oil and gas reserves, comprising drilling exploratory wells. Appraisal costs are spent to carry out 

stratigraphic tests, to drill appraisal wells to check the physical extent, reserves and feasible 

production rate of a field. Development costs are set to drill and equip development wells, construct 

and also install production facilities (Fanchi 2001).  

 

𝑐𝑓= Revenue – Cost                                                           (5) 

Revenue = oil price of bbl * oil total in bbl                                         (6) 

Cost = well cost + water injection price                                           (7) 

Water injection price = water injection in Mbbl * price of water injection per Mbbl              (8) 

Well cost = number of wells * ( capex per vertical well +opex pervertical  well)         (9) 

d = inflation rate 

t= year 
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For economic calculation, the oil production is converted from standard cubic feet (Sm3) to barrel 

(bbl). The conversion factor is given in Appendix A.2. A detailed economic analysis is carried out in 

excel sheet. NPV calculation for all cases is calculated similar to the example of the case shown in 

Tables A.1. Figure 38 shows the NPV comparisons for the base and six cases. Lastly NPV results 

summary for the base case and the six cases presented in Table 13. 

 

Figure 38- Net present value vs time of all cases 

 

Table 13- Net present value of all cases 

case Net present value (billion usd) 

Base case 73 

5-spot regular well pattern 88 

7-spot regular well pattern 75 

9-spot regular well pattern 82 

5-spot irregular well pattern 88 

7-spot irregular well pattern 76 

9-spot irregular well pattern 79 

 

The NPV show values in relative to the oil prices, the higher the oil price, the higher the NPV. Base on 

economic decision, all cases are considered as there is no negative NPV. However, the NPV for the 

base case is less when compare to all other scenario cases. The best cases are both the 5-spot 

pattern regular and irregular well pattern due to their highest NPV values of 88 billion dollars after 9 

years’ production, from 1997 to 2006. 
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5. Conclusion and recommendations 

 

This chapter presents the various conclusions drawn based on results obtained from this study. 

Recommendations are also included to present areas for further research. The methodology 

presented and discussed by this research can be applied to develop the entire field. 

 

5.1 Conclusion 

 

The optimization of large-scale multi well field-development projects is challenging because of the 

number of optimization variables and the size of the search space can become very excessive, hence 

engineering judgment alone cannot solve the problem.  

The study was done on Norne field reservoir located about 85 km north of the Heidrun field in the 

Norwegian Sea. This field developed in the past from year 1997 to 2006, and in this study the same 

data and reservoir properties were used, except the position of the injection wells was changed, gas 

injection was switched to water injection, along the production and injection rates for all wells were 

optimized, and the new model is the base case for this study. Then, six water flood cases were 

generated and optimized in order improve oil recovery, thus get a better field development scenario. 

From the results of the optimization of the base case, it is concluded that not all wells have direct 

impact on the field performance. By, further studying the results, not all the wells seen converged 

entirely. Hence, an iteration with best solution was selected with their result and used base case for 

further study.  

From the six cases scenarios, the results obtained showed that the 5-spot irregular well pattern, would 

likely maximize our objective functions. If analyzed individually, the 5-spot irregular well pattern 

showed a lower gas production and decent water production in comparison to other cases. But, by the 

analysis of the net present value, we can observe that this is not the case. The net present value 

analysis showed a high return in monetary investment from 5-spot both regular and irregular well 

pattern. Even though the irregular well pattern showed promise when the objective functions are 

analyzed individually, but for a multi objective point of view, the 5-spot regular and irregular well 

pattern both performed good. Hence, we can conclude that If we properly design the 5-spot both 

regular or irregular well pattern scheme, we stand a chance of obtaining great value for our 

investment.    
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5.2 Recommendations 

 

1- It will be interesting to test other well pattern sizes and to see its effects on the objective functions 

stated in this work.  

2- Further Increase in iteration number during the optimization in order to check if it led to better 

production scenario. 

3- Several well patterns can be tested together where the heterogeneity in some part of the reservoir 

is strong. 

4- Do uncertainty analysis on the optimization results to assess risks and its impact on the decision. 
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Appendix A: NPV calculation 

A.1 NPV calculation of 5-spot irregular well pattern   

 

 

 

A.2 Conversion factor 

 

Table 1-conversion factor 

Unit conversion  

1 sm3 crud Oil 6.29 bbl 

1 sm3 Gas 35.134 scf 

 

 

 

 

 

 

 

 

Figure 39-NPV calculation of 5-spot irregular well pattern 
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Appendix B : Production well 6 optimization  

 

B.1.       Production well 6 optimization in 5-spot regular well pattern case 

 

 

 

Figure 40- Perforation interval of production well 6 vs multi-objective functions: a) upper perforation interval vs 
FGPT ; b) lower perforation interval vs FGPT ; c) upper perforation interval vs FOIP ; d) lower perforation interval 

vs FOIP ; e) upper perforation interval vs FWPT ; f) lower perforation interval vs FWPT 
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B.2.       Production well 6 optimization in 7-spot regular well pattern case 

 

 

 

Figure 41- Perforation interval of production well 6 vs multi-objective functions: a) upper perforation interval vs 
FGPT ; b) lower perforation interval vs FGPT ; c) upper perforation interval vs FOIP ; d) lower perforation interval 

vs FOIP ; e) upper perforation interval vs FWPT ; f) lower perforation interval vs FWPT 
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B.3.       Production well 6 optimization in 9-spot regular well pattern case 

 

 

 

Figure 42- Perforation interval of production well 6 vs multi-objective functions: a) upper perforation interval vs 
FGPT ; b) lower perforation interval vs FGPT ; c) upper perforation interval vs FOIP ; d) lower perforation interval 

vs FOIP ; e) upper perforation interval vs FWPT ; f) lower perforation interval vs FWPT 
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B.4.       Production well 6 optimization in 5-spot irregular well pattern case 

 

 

 

Figure 43- Production well 6 location vs multi-objective functions: a) production well 6 location in i direction vs 
FGPT ; b) production well 6 location in j direction vs FGPT ; c) production well 6 location in i direction vs FOIP ; d) 
production well 6 location in j direction vs FOIP ; e) production well 6 location in i direction vs FWPT ; f) production 

well 6 location in j direction vs FWPT. 
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B.5.       Production well 6 optimization in 7-spot irregular well pattern case 

 

 

 

Figure 44- Production well 6 location vs multi-objective functions: a) production well 6 location in i direction vs 
FGPT ; b) production well 6 location in j direction vs FGPT ; c) production well 6 location in i direction vs FOIP ; d) 
production well 6 location in j direction vs FOIP ; e) production well 6 location in i direction vs FWPT ; f) production 

well 6 location in j direction vs FWPT. 
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B.4.       Production well 6 optimization in 9-spot irregular well pattern case 

 

 

 

Figure 45- Production well 6 location vs multi-objective functions: a) production well 6 location in i direction vs 
FGPT ; b) production well 6 location in j direction vs FGPT ; c) production well 6 location in i direction vs FOIP ; d) 
production well 6 location in j direction vs FOIP ; e) production well 6 location in i direction vs FWPT ; f) production 

well 6 location in j direction vs FWPT. 
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Appendix C. Base case model code 

 

-- Norne full field model for SPE ATW 2013 
RUNSPEC 
 
DIMENS 
46 112 22   / 
 
--NOSIM 
 
GRIDOPTS 
 'YES' 0 / 
 
OIL 
 
WATER 
 
GAS 
 
--DISGAS 
 
--VAPOIL 
 
 
NSTACK 
55/ 
 
CPR 
/ 
 
 
--ENDSCALE 
--NODIR   REVERS / 
 
METRIC 
 
--SATOPTS 
--HYSTER  / 
 
START 
06  'NOV' 1997 / 
 
EQLDIMS 
5  100  20 / 
 
--EQLOPTS 
-- 'THPRES'  /   no fine equilibration if swatinit is being used 
 
REGDIMS 
-- ntfipnmfiprnrfregntfreg 
    22      3      1*      20    / 
 
--TRACERS 
--  oil  water  gas  env 
--    1*   7      1*    1*   / 
 
WELLDIMS 
130  36  2  36 / 
 



65 
 

TABDIMS 
--ntsfunntpvtnssfunnppvtntfipnrpvtntendp 
   2     2     33     60   16    60 / 
 
-- WI_VFP_TABLES_080905.INC = 10-20 
 
 
-- Table no. 
-- DevNew.VFP        = 1 
-- E1h.VFP           = 2 
-- AlmostVertNew.VFP = 3 
-- GasProd.VFP       = 4 
-- NEW_D2_GAS_0.00003.VFP = 5 
-- GAS_PD2.VFP = 6 
-- pd2.VFP           = 8 (flowline south) 
-- pe2.VFP           = 9 (flowline north) 
-- PB1.PIPE.Ecl  = 31 
-- PB2.PIPE.Ecl  = 32   
-- PD1.PIPE.Ecl  = 33   
-- PD2.PIPE.Ecl  = 34  
-- PE1.PIPE.Ecl  = 35 
-- PE2.PIPE.Ecl  = 36 
-- B1BH.Ecl = 37 
-- B2H.Ecl  = 38 
-- B3H.Ecl  = 39 
-- B4DH. Ecl= 40 
-- D1CH.Ecl = 41 
-- D2H.Ecl  = 42 
-- D3BH.Ecl = 43 
 
-- E1H.Ecl  = 45  
-- E3CH.Ecl = 47 
-- K3H.Ecl  = 48 
 
FAULTDIM 
10000 / 
 
PIMTDIMS 
1  51 / 
 
NSTACK 
 50 / 
 
--UNIFIN 
UNIFOUT 
 
--OPTIONS 
--77* 1 / 
 
--------------------------------------------------------- 
-- 
-- Input of grid geometry 
-- 
--------------------------------------------------------- 
GRID 
 
NEWTRAN 
 
GRIDFILE 
2  / 
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-- optional for postprocessing of GRID 
MAPAXES 
 0.  100.  0.  0.  100.  0.  / 
 
GRIDUNIT 
METRES  / 
 
-- requests output of INIT file 
INIT 
 
MESSAGES 
 8*10000  20000 10000 1000 1* / 
 
PINCH 
 0.001 GAP  1* TOPBOT TOP/ 
 
NOECHO 
 
-------------------------------------------------------- 
-- 
--   Grid and faults 
-- 
-------------------------------------------------------- 
 
-- Simulation grid, with slooping faults: 
-- file in UTM coordinate system, for importing to DecisionSpace 
INCLUDE 
IRAP_1005.GRDECL /  
 
-- 
INCLUDE 
ACTNUM_0704.prop /  
-- './actnum.map'/ 
 
-- Faults 
INCLUDE 
FAULT_JUN_05.INC /  
 
-- Alteration of transmiscibility by use of the 'MULTFLT' keyword 
INCLUDE 
FAULTMULT_AUG-2006.INC /  
 
-------------------------------------------------------- 
-- 
--   Input of grid parametres 
-- 
-------------------------------------------------------- 
 
-- 
INCLUDE 
PORO_0704.prop /  
 
INCLUDE 
NTG_0704.prop /  
 
INCLUDE 
PERM_0704.prop /  
 
COPY 
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   PERMX PERMY / 
   PERMX PERMZ / 
/ 
 
-- based on same kv/kh factor 
MULTIPLY 
   'PERMZ' 0.2    1 46 1 112  1  1 /    Garn 3 
   'PERMZ' 0.04   1 46 1 112  2  2 /    Garn 2 
   'PERMZ' 0.25   1 46 1 112  3  3 /    Garn 1 
   'PERMZ' 0.0    1 46 1 112  4  4 /    Not  (inactive anyway) 
'PERMZ' 0.13   1 46 1 112  5  5 /    Ile 2.2 
   'PERMZ' 0.13   1 46 1 112  6  6 /    Ile 2.1.3 
   'PERMZ' 0.13   1 46 1 112  7  7 /    Ile 2.1.2 
   'PERMZ' 0.13   1 46 1 112  8  8 /    Ile 2.1.1 
   'PERMZ' 0.09   1 46 1 112  9  9 /    Ile 1.3 
   'PERMZ' 0.07   1 46 1 112 10 10 /    Ile 1.2 
   'PERMZ' 0.19   1 46 1 112 11 11 /    Ile 1.1 
   'PERMZ' 0.13   1 46 1 112 12 12 /    Tofte 2.2 
   'PERMZ' 0.64   1 46 1 112 13 13 / Tofte 2.1.3 
   'PERMZ' 0.64   1 46 1 112 14 14 / Tofte 2.1.2 
   'PERMZ' 0.64   1 46 1 112 15 15 / Tofte 2.1.1 
   'PERMZ' 0.64   1 46 1 112 16 16 / Tofte 1.2.2 
   'PERMZ' 0.64   1 46 1 112 17 17 / Tofte 1.2.1 
   'PERMZ' 0.016  1 46 1 112 18 18 / Tofte 1.1 
   'PERMZ' 0.004  1 46 1 112 19 19 / Tilje 4 
   'PERMZ' 0.004  1 46 1 112 20 20 / Tilje 3 
   'PERMZ' 1.0    1 46 1 112 21 21 / Tilje 2 
'PERMZ' 1.0    1 46 1 112 22 22 / Tilje 1 
/ 
 
 
-------------------------------------------------------- 
-- 
--      Barriers 
-- 
-------------------------------------------------------- 
 
-- MULTZ multiplies the transmissibility between blocks 
-- (I, J, K) and (I, J, K+1), thus the barriers are at the 
-- bottom of the given layer. 
 
-- Region barriers 
INCLUDE 
MULTZ_HM_1.INC /  
 
-- Field-wide barriers 
EQUALS 
  'MULTZ'    1.0      1  46  1 112   1   1  / Garn3       - Garn 2 
'MULTZ'    0.05     1  46  1 112  15  15  / Tofte 2.1.1 - Tofte 1.2.2 
'MULTZ'    0.001    1  46  1 112  18  18  / Tofte 1.1   - Tilje 4 
  'MULTZ'    0.00001  1  46  1 112  20  20  / Tilje 3     - Tilje 2 
-- The Top Tilje 2 barrier is included as MULTREGT = 0.0 
/ 
 
-- Local barriers 
INCLUDE 
MULTZ_JUN_05_MOD.INC /  
 
 
-- 20 flux regions generated by the script Xfluxnum 
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INCLUDE 
FLUXNUM_0704.prop /  
 
-- modify transmissibilites between fluxnum using MULTREGT 
INCLUDE 
MULTREGT_D_27.prop /  
 
NOECHO 
 
MINPV 
500 / 
 
EDIT 
-------------------------------------------------------------------------------- 
 
-------------------------------------------------------------------------------- 
 
PROPS 
-------------------------------------------------------------------------------- 
-- 
--    Input of fluid properties and relative permeability 
-- 
--------------------------------------------------------- 
 
 
-- RELATIVE PERMEABILITY AND CAPPILARY PRESSURE CURVES 
SWFN 
--Water saturation  Water permeability  Capillary pressure 
0.2  0.0      0.0 
0.3  0.00024  0.0 
0.4  0.0039   0.0 
0.5  0.02     0.0 
0.6  0.062    0.0 
0.7  0.152    0.0 
0.8  0.316    0.0 
0.9  0.585    0.0 
1.0  1.0      0.0/ 
/ 
 
SOF3 
--Oil saturation  Oil permeability oil-water  Oil permeability oil-gas-water  
0.1  0.0   0.0 
0.2  0.018 0.0 
0.3  0.073 0.025 
0.4  0.165 0.1 
0.5  0.294 0.225 
0.6  0.459 0.4 
0.7  0.661 0.625 
0.8  0.9   0.9 / 
/ 
 
SGFN 
--Gas saturation  Gas permeability  Oil-gas capillary pressure 
0.0  0.0        0.0 
0.1  0.00000077 0.0 
0.2  0.000049   0.0 
0.3  0.00056    0.0 
0.4  0.0032     0.0 
0.5  0.012      0.0 
0.6  0.036      0.0 
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0.7  0.091      0.0 
0.8  0.2        0.0 / 
/ 
 
-- PVT DATA 
PVDO 
400 1.012 1.16 
1200 1.0040 1.164 
2000 0.9960 1.167 
2800 0.9880 1.172 
3600 0.9802 1.177 
4400 0.9724 1.181 
5200 0.9646 1.185 
5600 0.9607 1.19 / 
800 1.0255 1.14 
1600 1.0172 1.14 
2400 1.0091 1.14 
3200 1.0011 1.14 
4000 0.9931 1.14 
4800 0.9852 1.14 
5600 0.9774 1.14 / 
/  
 
 
PVDG           
--Properties of dry gas 
-- GasPhasePressureGasFormationVolumeFactorGasViscosity 
400.000 5.90000 .01300 
800.000 2.95000 .01350 
1200.00 1.96000 .01400 
1600.00 1.47000 .01450 
2000.00 1.18000 .01500 
2400.00 .98000 .01550 
2800.00 .84000 .01600 
3200.00 .74000 .01650 
3600.00 .65000 .01700 
4000.00 .59000 .01750 
4400.00 .54000 .01800 
4800.00 .49000 .01850 
5200.00 .45000 .01900 
5600.00 .42000 .01950    /     
/                
DENSITY                
912.0   1000.0   0.8266      /    
/                
PVTW                
234.46   1.0042   5.43E-05   0.5   1.11E-04   / 
/ 
 
-- ROCK COMPRESSIBILITY 
--    REF. PRES   COMPRESSIBILITY 
ROCK 
         235           0.00045   / 
/ 
   
   
 
-- SWITCH OFF OUTPUT OF ALL PROPS DATA 
 
STONE1 
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REGIONS 
 
-- 
INCLUDE 
FIPNUM_0704.prop /  
 
EQUALS 
'SATNUM'  1    1  46  1   112    1  22  /  
--'IMBNUM'  2    1  46  1   112    1  22  / 
'PVTNUM'  1    1  46  1   112    1  22  / 
/ 
 
INCLUDE 
EQLNUM_0704.prop /  
 
-- extra regions for geological formations and numerical layers  
INCLUDE 
extra_REG.inc /  
 
--------------------------------------------------------------------------------- 
 
 
 
 
SOLUTION 
 
INCLUDE 
E3.prop / 
 
 
RPTRST 
BASIC=2 KRO KRW KRG / 
 
RPTSOL 
FIP=3  SWAT /  
--------------------------------------------------------------------------------- 
-- equilibrium data: do not include this file in case of RESTART 
 
 
 
------------------------------------------------------------------------------- 
 
SUMMARY 
 
-- Field average pressure 
FPR 
 
-- Bottom hole pressure of all wells 
WBHP 
 PROD INJ / 
 
-- Field Oil Production Rate 
FOPR 
 
-- Field Water Production Rate 
FWPR 
 
-- Field Oil Production Total 
FOPT  
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--Fiel Gas Production total 
FGPT 
 
-- Field Water Production Total 
FWPT 
 
-- Field Oil in Place 
FOIP 
 
-- Water cut in PROD 
WWCT 
PROD / 
 
FVPR 
 
FVIR 
 
RUNSUM 
 
EXCEL 
 
SEPARATE 
 
 
 
 
-------------------------------------------------------------------------------- 
 
SCHEDULE 
 
TUNING 
-- 1 365 0.1 0.15 3 0.3 0.1 1.25 0.75 / 
-- 0.1 0.001 1E-7 0.0001 
-- 10 0.01 1E-6 0.0001 0.001 / 
-- 12 1 50 1 8 8 4*1E6 / 
 
1 365  1  0.15  3  0.3  0.3  1.20  / 
5*   0.1   0.000001   0.02  0.02  / 
2* 60 1* 15 / 
/ 
 
 
MESSOPTS 
ACCPTIME 2 / 
 
DRSDT 
 0  / 
 
NOECHO 
 
 
WELSPECS 
PROD1         G1      17    31     1*     OIL   /    
PROD2         G1      22    22     1*     OIL   /  
PROD3         G1      14    26     1*     OIL   /  
PROD4         G1      10    32     1*     OIL   /  
INJ1          G2      11    35     1*     WATER /  
/ 
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COMPDAT 
PROD1         17    31  9  10   OPEN   2*   0.666   3*  Z /      
PROD2         22    22  5  13   OPEN   2*   0.666   3*  Z /    
PROD3         14    26  9  9   OPEN   2*   0.666   3*  Z /    
PROD4         10    32  1  22   OPEN   2*   0.666   3*  Z /     
INJ1          11    35  1  2   OPEN   2*   0.666   3*  Z / 
/ 
 
WCONPROD 
PROD1       OPEN    ORAT     8473.992155576778 /              
PROD2       OPEN    ORAT     7478.203324271079 / 
PROD3       OPEN    ORAT     2675.298472728153 /             
PROD4       OPEN    ORAT     5435.245176514731 /  
/ 
 
WCONINJE 
INJ1       WATER   OPEN    RATE      7494.499206130301 / 
/ 
 
DATES 
1 'DEC' 1997 / 
1 'JAN' 1998 / 
1 'MAR' 1999 / 
/ 
 
 
WELSPECS 
PROD5         G1      19    38     1*     OIL   /    
PROD6         G1      12    72     1*     OIL   /  
PROD7         G1      14    34     1*     OIL   /  
PROD8         G1      9     37     1*     OIL   /  
INJ2          G2      26    44     1*     WATER /  
/ 
 
COMPDAT 
PROD5         19    38  1   22   OPEN   2*   0.666   3*  Z /      
PROD6         12    72  1   22   OPEN   2*   0.666   3*  Z /    
PROD7         14    34  14  15   OPEN   2*   0.666   3*  Z /    
PROD8         9     37  11  14   OPEN   2*   0.666   3*  Z /     
INJ2          26    44  1   22   OPEN   2*   0.666   3*  Z / 
/ 
 
WCONPROD 
PROD5       OPEN    ORAT     2142.1170619592294 /              
PROD6       OPEN    ORAT     3563.1568842658626 / 
PROD7       OPEN    ORAT     9361.607080543852 /             
PROD8       OPEN    ORAT     9908.793054516722 /  
/ 
 
WCONINJE 
INJ2       WATER   OPEN    RATE      9259.797634330298 / 
/ 
 
DATES 
1 'JAN' 2000 / 
1 'FEB' 2001 / 
1 'MAR' 2002 / 
/ 
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WELSPECS 
PROD9         G1      18    68     1*     OIL   /    
PROD10        G1      13    67     1*     OIL   /  
PROD11        G1      36    96     1*     OIL   /  
PROD12        G1      38    98     1*     OIL   /  
INJ3          G2      26     30     1*     WATER /  
/ 
 
COMPDAT 
PROD9         18    68  5   9   OPEN   2*   0.666   3*  Z /      
PROD10        13    67  8   9   OPEN   2*   0.666   3*  Z /    
PROD11        36    96  2   15   OPEN   2*   0.666   3*  Z /    
PROD12        38    98  2   2   OPEN   2*   0.666   3*  Z /     
INJ3          26     30  19  20   OPEN   2*   0.666   3*  Z / 
/ 
 
WCONPROD 
PROD9        OPEN    ORAT     3767.2979731393725 /              
PROD10       OPEN    ORAT     2490.6649343985173 / 
PROD11       OPEN    ORAT     2556.6229084990196 /             
PROD12       OPEN    ORAT     2465.60350025374 /  
/ 
 
WCONINJE 
INJ3       WATER   OPEN    RATE      8844.89502374738 / 
/ 
 
DATES 
1 'APR' 2003 / 
5 'MAY' 2003 / 
/ 
 
WELSPECS 
PROD13        G1      19    54     1*     OIL   /    
PROD14        G1      20    49     1*     OIL   /  
PROD15        G1      7     64     1*     OIL   /  
PROD16        G1      9     46     1*     OIL   /  
INJ4          G2      26    18     1*     WATER /  
INJ5          G2      12    85     1*     WATER / 
/ 
 
COMPDAT 
PROD13         19    54  1   22   OPEN   2*   0.666   3*  Z /      
PROD14         20    49  14  14   OPEN   2*   0.666   3*  Z /    
PROD15         7     64  1   2   OPEN   2*   0.666   3*  Z /    
PROD16         9     46  1   22   OPEN   2*   0.666   3*  Z /     
INJ4           26    18  1   22   OPEN   2*   0.666   3*  Z / 
INJ5           18    85  2   22   OPEN   2*   0.666   3*  Z / 
/ 
 
WCONPROD 
PROD13       OPEN    ORAT     4715.848964456114 /              
PROD14       OPEN    ORAT     6215.728862263054 / 
PROD15       OPEN    ORAT     4743.124789707628 /             
PROD16       OPEN    ORAT     7449.763539428794 /  
/ 
 
WCONINJE 
INJ4       WATER   OPEN    RATE      7096.661740241159 / 
INJ5       WATER   OPEN    RATE      5750.5539277877815 / 
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/ 
 
DATES  
1 'AUG' 2004 / 
3 'DEC' 2004 / 
/ 
 
WELSPECS 
PROD17        G1      15     46     1*     OIL   /    
PROD18        G1      16    66     1*     OIL   /  
PROD19        G1      25    37     1*     OIL   /  
PROD20        G1      10    29     1*     OIL   /  
PROD21        G1      15    74     1*     OIL   /    
INJ6          G2      18    83     1*     WATER /  
INJ7          G2      6     57     1*     WATER / 
INJ8          G2      36    68     1*     WATER / 
/ 
 
COMPDAT 
PROD17         15     46  9  9   OPEN   2*   0.666   3*  Z /      
PROD18         16    66  1  2   OPEN   2*   0.666   3*  Z /    
PROD19         25    37  5  8   OPEN   2*   0.666   3*  Z /    
PROD20         10    29  5  9   OPEN   2*   0.666   3*  Z / 
PROD21         15    74  1  22   OPEN   2*   0.666   3*  Z /      
INJ6           18    83  1  22   OPEN   2*   0.666   3*  Z / 
INJ7           6     57  1  22   OPEN   2*   0.666   3*  Z / 
INJ8           36    68  1  22   OPEN   2*   0.666   3*  Z / 
/ 
 
WCONPROD 
PROD17       OPEN    ORAT     2600.619167748355 /              
PROD18       OPEN    ORAT     9388.46302793138 / 
PROD19       OPEN    ORAT     1277.0982354666473 /             
PROD20       OPEN    ORAT     1195.7088824631062 /  
PROD21       OPEN    ORAT     5482.908889501047 /  
/ 
 
WCONINJE 
INJ6       WATER   OPEN    RATE      4032.4542503933635 / 
INJ7       WATER   OPEN    RATE      7008.976259210567 / 
INJ8      WATER   OPEN    RATE       9301.904486820198 /  
/ 
 
 
 
DATES 
24 'FEB' 2005 / 
30 'AUG' 2005 / 
/  
 
 
WELSPECS 
PROD22        G1      13    76     1*     OIL   /  
PROD23        G1      17    64     1*     OIL   /  
PROD24        G1      23    46     1*     OIL   /    
PROD25        G1      10    24     1*     OIL   /  
PROD26        G1      10    26     1*     OIL   /    
PROD27        G1      11    28     1*     OIL   /  
INJ9          G2      29    51     1*     WATER /     
/ 
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COMPDAT 
PROD22         13    76  5  5   OPEN   2*   0.666   3*  Z /      
PROD23         17    64  5  5   OPEN   2*   0.666   3*  Z /    
PROD24         23    46  7  8   OPEN   2*   0.666   3*  Z /       
PROD25         10    24  1  3   OPEN   2*   0.666   3*  Z /  
PROD26         10    26  13  13   OPEN   2*   0.666   3*  Z /       
PROD27         11    28  5  5   OPEN   2*   0.666   3*  Z /  
INJ9           29    51  1  15   OPEN   2*   0.666   3*  Z / 
/ 
 
WCONPROD 
PROD22       OPEN    ORAT     1118.4272586001773 /              
PROD23       OPEN    ORAT     1438.9268593729814 / 
PROD24       OPEN    ORAT     2603.936751601334 / 
PROD25       OPEN    ORAT     8805.595557491955 /    
PROD26       OPEN    ORAT     8318.133163977458 / 
PROD27       OPEN    ORAT     3481.6923029663426 /            
/ 
 
WCONINJE 
INJ9       WATER   OPEN    RATE      7049.653061024548 / 
/ 
 
DATES 
1 'DEC' 2006 / 
/ 
 
END  
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