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Abstract 

 

Facility Planning and Value of Information:  

A Case Study of Deepwater Reservoir Compartmentalization 

 

 

 

 

Hariharan Ramachandran, M.S.E. 

The University of Texas at Austin, 2010 

 

Supervisor:  Christopher J. Jablonowski 

 
 

This thesis investigates how estimates of reservoir compartmentalization impact facility 

sizing decisions and the degree to which inaccurate estimates destroy project value. An 

uncertainty analysis workflow is proposed and an asset development optimization model is 

specified to simulate the decision making process during concept selection. The model 

endogenizes drilling decisions and includes a real option to expand facility capacity after the 

uncertain variables are realized. The value of information analysis suggests that cost of erroneous 

estimates of reservoir compartmentalization is significant and can reduce asset value by more 

than 30%. We also find that the negative impacts are larger when the degree of 

compartmentalization is underestimated (too optimistic) than when it is overestimated (too 

pessimistic). 
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1. INTRODUCTION 

 

Project investment decisions at the concept selection stage play a very important 

role in project success. During the concept selection stage, the decision team compares 

the feasible project development scenarios and attaches a value to each scenario using 

existing information. Each scenario is then ranked and the best concept is selected and 

developed in the next project phase. The information and estimates used in this process 

play a major role in the concept selection stage. The purpose of this study is to quantify 

the magnitude of losses in project value incurred when inaccurate estimates of input 

variables are used at the concept selection stage. To accomplish this, we developed a 

simplified capital asset optimization model for an offshore deepwater field development 

project with compartmentalized reservoirs. 

For this study, we have considered deepwater projects with compartmentalized 

reservoirs. The facility design decisions examined are initial platform capacity and 

number of well slots in the facility for dry trees. The decision team’s objective is to 

maximize the expected net present value of the project under a variety of uncertainties. 

In this study we have focused on two main subsurface uncertainties. They are 

a) Reserve volume 

b) Degree of compartmentalization, measured by ultimate recovery per well  
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Using the information from exploratory and appraisal wells, the decision team 

develops a base case or null hypotheses for these variables in the form of probability 

distributions. 

A value of information (VOI) framework is used to quantify the impact of the 

subsurface uncertainties in the concept selection stage. This framework is also used to 

identify whether more information needs to be gathered by drilling additional exploratory 

and appraisal wells or by performing well test analyses. A simplified analysis framework 

is shown below. 

 Define subsurface uncertainty, facility configurations and cost parameters 

into the model. 

 Simulate the model and evaluate the optimal configuration. 

 Perform a value of information analysis with respect to the recovery per 

well (well potential) variable. 
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2. PROBLEM STATEMENT 

 

2.1 INTRODUCTION 

 

 E&P projects hold many uncertainties mainly because of limited data, and the 

data is primarily from indirect observation of subsurface variables. Most of the 

subsurface variables like porosity, permeability, water saturation, oil-water contact, 

geologic characterization, reserve size, etc. are costly to measure and hence measured 

with a margin of error. Quantifying these uncertainties plays an important role in making 

better decisions. Not all uncertainties are going to affect the decision process; hence 

identifying the critical uncertainties and gathering more information about them should 

add value to the capital project and thereby reduces the chance of the facility operating at 

sub-optimality. 

Work on uncertainty quantification has been going on for a long time. Recent 

analysts such as Floris and Peersmann (2000), Williams et al. (2004), Bratvold and Begg 

(2008) are
 
advocating a holistic, integrated approach

 
to assessing the impacts of 

uncertainty on oil and gas decision making. We have followed a simple and quicker 

probabilistic approach combined with one-parameter-at-a-time approach to investigate 

the impacts of uncertainty associated with some critical subsurface variables. 

A simple timeline of how a project is developed in a company over time is shown 

in figure 2.1 below. 
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Figure 2.1 Simple project timeline 

 

2.2 DEEP WATER PROJECTS 

 

Planning difficulties because of uncertainty are especially acute in deepwater 

projects, primarily because of the cost of collecting information. Deepwater wells can 

cost from $ 50 to $ 250 MM each.  Also, because of the general lack of flexibility in 

offshore structures once installed, the importance of initial decisions is heightened. From 

Camargo de Abreu et al. (2006) and Suslick et al. (2003) it is evident that these 

uncertainties play an important role in affecting the company’s current investment 

decisions. Portella et al. (2003) discusses whether to gather more data and postpone the 

project or to start the field development with the existing information. That is, if the 

uncertainty is large, we may have regrets about the initial design, and the cost of the 

regret may be very high. 
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2.3 MAJOR UNCERTAINTIES IN DEEP WATER PROJECTS 

 

2.3.1 RESERVOIR SIZE  

 

Petroleum reserves are the recoverable portion of hydrocarbon accumulations that 

exist below Earth's surface in traps or reservoirs. The quantification of these reserves are 

essential to the decision team’s effort, as every decision made by them regarding the 

project growth and development is heavily dependent on this estimate. Uncertainty 

typically decreases over the life of a project as more information becomes known as 

actual production is observed. 

Based on volumetric considerations, the recoverable oil reserve is given by 

 

Where 

Nr = recoverable oil reserve (stock tank barrels, STB) 

A = area of the reservoir (acres) 

h = net pay thickness (feet) 

Φ = porosity (fraction) 

Sw = average water saturation (fraction) 

Rf = recovery factor (fraction) 
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B0 = oil formation volume factor (reservoir barrels / stock tank barrels, RB/STB) 

7758 = conversion constant (barrels / acre-foot) 

 

Reserve estimates during the pre-drill exploratory phase are often based on 

analogs from other areas thought to be sufficiently similar to the area under study. In-

place and recoverable reserve factors are applied to volumetric maps derived from 

seismic data and other geologic studies. The range of uncertainty at this time can be quite 

large. The actual existence of hydrocarbons is yet to be verified by actual well data and 

characterized as to their nature, quality, and economic viability. All studies at this point 

are speculative and highly dependent upon the creditability of the data available. 

Each additional well, either as an expendable appraisal or as a development well, 

further refines the data available and improves the interpretive understanding of the 

project potential and further reduces, but does not eliminate, uncertainty in the reserve 

estimate. Until actual sustained production is established, the reserve estimate remains a 

volumetric determination and is highly dependent on the accuracy of the reservoir 

description. Nonetheless, the decision to make the significant capital investments 

required for project development is often based on a risked assessment of reserve 

potential with much yet unknown. 
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2.3.2 DEGREE OF COMPARTMENTALIZATION 

 

Heterogeneity in oil and gas reservoirs can be caused by various depositional and 

stratigraphic controls, such as flooding in paleovalley fills, and diagenesis related to 

exposure surfaces. Other factors include changes in pore-system connectivity related to 

diagenetic events or to depositional facies, intersecting structural and depositional 

patterns, hydrodynamic gradients, and overpressure as noted by Elshahawi (2005). This 

heterogeneity often manifests itself in the form of reservoir compartmentalization, and 

flow barriers such as sealing faults or continuous low permeability trends. If a well is 

drilled into a compartmentalized reservoir, it will only be able to drain a portion of the 

hydrocarbon in place over the practical production time scale. This heterogeneity does 

not describe the overall size of the reservoir but it does strongly impact the ability to 

drain the reservoir efficiently. Figure 2.2 shows a diagram of a compartmentalized 

reservoir. For example, a reservoir can be compared to everyday objects such as a kitchen 

sponge and a pool of bubble wrap. A kitchen sponge is a well connected open cell system 

where the individual cells are connected, so water can flow easily throughout the sponge. 

On the other hand a spool of bubble wrap is a closed cell system. Fluids cannot flow from 

one bubble or cell to another. If a needle penetrated through the spool of bubble wrap, 

only those cells that are penetrated would drain. In this sense, the spool of bubble wrap 

can be considered highly compartmentalized. 
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Figure 2. 2 A compartmentalized reservoir 

 

The consequence of not recognizing the existence of flow compartmentalization is 

generally to anticipate much more efficient drainage than is actually achieved. This 

results in improper facility sizing and suboptimal project value. In fact, reservoir 

compartmentalization is a very serious problem for the exploration and production (E&P) 

industry because it is a major cause of production underperformance. Various techniques 

are available that can assist operators in detecting compartmentalization. In deep water 

and similar high cost operating environments, the traditional methods, drill stem tests 

(DST) and extended well tests (EWT) often become impractical, with costs approaching 

the costs of new wells and with emissions becoming increasingly undesirable. Thus, 

compartments often have to be identified by some other means which include pressure 

continuity or geochemical and other surface analytical methods applied to hydrocarbon 
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fluid samples. A key challenge facing the E&P industry is that a comprehensive reservoir 

analysis using any of the aforementioned techniques can be very costly. 

 

2.3.3 MAXIMUM PRODUCTION RATE 

 

Production rate for a well can be estimated using Darcy’s law as shown below. 

 

q = Production rate (STB / D) 

A = Flow area (Area perpendicular to flow direction) (ft
2
) 

k = Permeability (millidarcy) 

µ = fluid viscosity (cp) 

B0 = oil formation volume factor (reservoir barrels / stock tank barrels, RB/STB) 

dp/dl = flow pressure gradient (psi/ft) 

Once the project goes to operation, maximum production rate that can be achieved 

from a single well is highly dependent on the following factors 

a) Reserve size 

b) Degree of compartmentalization 

c) Other geologic factors 
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Other geologic factors like porosity, oil-water contact, faulting, different rock facies, 

water breakthrough, etc. also affect the maximum production rate. Because of this joint 

complexity, we have assumed a constant maximum production rate for this case study to 

simplify the analysis. 

 

2.4 MAJOR DESIGN DECISIONS 

 

2.4.1 FACILITY CAPACITY DECISION 

 

A Petroleum facility is often referred to as an oil rig or as an oil platform, is a 

huge structure built either onshore or offshore to house machinery and workers needed 

during drilling of the wells, production of the petroleum fluids, processing of the 

produced fluids and transporting the fluids to storage. The slots available in the facility 

are through which the wells are drilled. The amount of petroleum fluid that can be 

produced in a facility is termed as facility capacity (in thousand barrels of oil per year 

(mbopy)).  Facility capacity depends on the assumptions for the subsurface uncertainties. 

As discussed above, for a deepwater project, the initial facility size determination plays 

an important role because of its very high costs and lack of flexibility as explained in 

Flower (2009).  

A key role for the decision team is to predict future field performances in terms of 

accurate estimation of recoverable reserves and recovery per well. These two 

uncertainties help in designing an appropriate facility. McLane et al. (2008) and Delfiner 
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(2008) outline the determination of reserves through deterministic and probabilistic 

approaches. In this study, reserves and recovery per well are defined as probability 

density functions. 

 

2.4.2 WELL SLOTS DECISION 

 

Dry trees (dry completions from surface platform) was chosen for the completions 

type as it offers better reservoir monitoring, lower operating costs and increased recovery 

of petroleum fluids as outlined in Huang et al. (2000). Total well slots for dry trees and 

placement of wells are important decisions to be made along with the facility capacity. 

Because of compartmentalization, well placement plays an important role. The optimal 

well slots in the facility are dependent on the amount of recoverable reserves and number 

of compartments present in the reservoir. Multiple well completions in well slots can be 

performed from the facility. This combination of wells and slots are called well slots 

combinations and some combinations are shown in table 6.1. Different well slots 

combinations were used in the modeling stage to find out the best well configuration for 

the existing field. 
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2.4.3 EXPANSION OPTION DECISION (PRE-INVESTMENT IN SPACE 

FOR EXPANSION) 

 

In order to add realism to the optimization model, an option for facility expansion 

was also included. After the start of operations, the E&P team gets to know more about 

the reservoir and its characteristics. If the decision team feels the need to produce more 

oil, they have the opportunity to expand the facility capacity by drilling more wells 

provided there are available well slots. 
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3. BACKGROUND STUDY 

 

3.1 LINEAR PROGRAMMING 

  

Linear programming (LP) is the problem of optimizing (maximizing or 

minimizing) a linear objective function subject to linear equality and inequality 

constraints, with all continuous variables. If some variables must be integers, the problem 

is called a mixed integer linear program (MILP). We developed a MILP model of the 

problem described above, where the number of wells drilled was constrained to be 

integer.  

 

3.2 STOCHASTIC PROGRAMMING  

 

Stochastic programming is a framework for modeling optimization problems with 

uncertainty. Stochastic programs are mathematical programs where some of the data 

incorporated into the objective or constraints is uncertain. Uncertainty is usually 

characterized by a probability distribution on the uncertain data. A typical problem 

statement is to find a solution that is feasible for almost all the possible data instances and 

maximizes the expected value of the objective function. In order to account for 

subsurface uncertainties into our model, we implemented an iterative-stochastic 

programming methodology and defined probability distributions for the subsurface 

variables. The stochastic workflow is described in more detail below. 
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3.3 VALUE OF INFORMATION 

 

Value of information can be defined as the maximum amount a decision maker 

would be willing to pay for information prior to making a decision. A VOI analysis 

framework was used for assessing the expected value of additional subsurface 

information.   

 Bratvold et al. (2007) have analyzed how value of information analysis has been 

employed in the petroleum industry over the years. Most VOI applications in the 

petroleum industry have been focused on the exploration phase. Stitbolt and Lehman 

(1993) and Waggoner (2000) illustrated the use of VOI in valuing seismic information. 

Bickel et al. (2006) applied VOI to quantify 3D land seismic reliability and value. 

Coopersmith et al. (2006) compared pre- and post-acquisition VOI and suggested a 

correct way for decision makers to determine value prior to taking a decision through a 

3D seismic example.  For this study, VOI was applied to the capital projects at the 

concept comparison and selection stage (decision maker compares different projects and 

selects one project for further development) and the future course of action is determined. 

 

Application of optimization theory and value of information analysis at the 

concept selection stage provides a methodological framework which explicitly considers 

the uncertainty surrounding the specific decision of collecting more information. The 

decisions in the model are implemented by a sequential decision making process. Our 

simplified asset optimization model decides and builds the facility in a sequential method 

taking into consideration the input data. The value of additional information is based on 

the extent to which further information will increase expected value. This methodology 
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values the additional information, which may be generated by further field development 

appraisal, in a way which is consistent with the objectives of the decision team. In this 

sense it provides a unified and coherent framework for prioritization of subsurface 

uncertainties and various means to gather vital project critical information regarding the 

field. 
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4. MODEL DESCRIPTION 

 

An asset development optimization model was specified in General Algebraic 

Modeling system (GAMS). A complete GAMS guide is given by McCarl (2006). The 

model is designed to allow for the specification of some variables as random variables. 

This feature enables a robust assessment of the impacts of uncertainty. In this thesis, the 

focus is on the uncertainty in the assumption regarding reservoir compartmentalization. 

The model solves the constrained optimization problem faced by oil field operators after 

start-up, that is, to maximize profits given initial facility constraints. The model 

parameters have been selected based on a deepwater project in the Gulf of Mexico. 

Major assumptions are as follows: 

 The decision maker maximizes net present value 

 There is one oil reservoir with multiple compartments; associated gas is 

negligible and is not considered in the optimization 

 All cash flows occur at the end of the year. 

 No more than 8 wells can be drilled per year. 

 

Objective Function 
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Where, 

t is the time period index in years 

z is the Net Present Value in $ million 

p(t) is the average oil price in $/bbl which is held constant at $60/bbl 

q(t) is the field production rate in 1000 bopy 

ttopex(t) is the operating expense in $ million 

ttcapex(t) is the capital expense in $ million 

r is the discount rate which is kept constant at 15% 

 

Cost Functions 

Costs are comprised of operating expenses (OPEX) and capital investment 

(CAPEX) on initial facilities, facility expansion, and wells. The facility cost is one of the 

input parameters that have a major impact on project decisions and net present value 

(NPV). 

 

Operating Expenses (OPEX) 

OPEX represents the variable cost of production and is a function of production 

volume. It is defined as follows: 
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Where, 

vcprod is the variable cost of production in $/bbl which is held constant at $2/bbl. 

 

Capital Expenditure (CAPEX) 

CAPEX is composed of two elements, the first element occurs over time: 

 

Where, 

cwell(t) is the cost of drilling the well  in $ million 

cexpa(t) is the cost of facility expansion during the expansion year in $ million 

 

The total well cost, cwell is calculated by multiplying the cost factor for drilling 

wells with wells drilled in the corresponding year. Well cost can vary with the 

production capacity of the well but we have used a fixed cost to simplify the 

calculations. The cost of an individual well at a given time t is defined as follows: 

 

Where, 

fcwell is the fixed cost factor per well which is held constant at $ 50 million 



19 
 

dr(h,t) is a binary variable indicating whether a well h was spudded at time t 

 

Facility initial cost, cplat, includes facility design, fabrication and installation 

costs. Initial cost is modeled as a function of initial capacity and is shown as follows: 

 

Where, 

b0plat, b1plat are cost parameters for facility construction in $ million 

cppcapold is the initial facility capacity in 1000 bopy or mbopy 

wellcountmax is the maximum available slots in the facility 

 

In this model, we have included an option to expand the facility at a year given by 

timeexpa. During this year the model decides whether to expand or not. If it expands the 

facility expansion cost, cexpa(t),is defined as follows: 

 

Where, 

m is an expansion cost multiplier 

b0expa, b1expa are cost parameters for facility expansion in $ million 

cppcapold10(t) is a binary variable used to determine expansion 
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cppcapadd(t) is the incremental facility capacity during expansion in 1000 bopy or 

mbopy 

Reserve Constraints 

A variety of reserve constraints are required in this model to recreate an image of 

a compartmentalized reservoir. 

The total production cannot exceed the volume of the recoverable reserves. This 

achieved by establishing the following two constraints. 

 The following constraint maintains equality between total production and cumulative 

production. 

 

Where, 

cumprod is the cumulative production in 1000 bbls 

 

The cumulative production should be always less than the total reserves which is 

established via the following constraint 

 

Where, 

rescap is the recoverable reserve volume in 1000 bbls 
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Drilling Well Constraints 

The drilling of new wells is controlled using the following constraints. 

In order to make sure that a well can only be drilled once, the following constraint is 

used. 

 

To ensure that no more than 8 wells can be drilled per year, the following constraint is 

added. 

 

 

The production capacity of each well at any time t is determined by the partial sum:  

 

Where, 

maxrate is the maximum oil production rate per well in 1000 bopy or mbopy 

wellcap(h,t) is the capacity of each well h at time t in 1000 bopy or mbopy 
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Recovery Constraints 

We should make sure that the wells don’t produce more oil than there is. In order 

to get that balance, we use the following set of constraints. 

The production from each well must be less than its capacity: 

 

Where, 

qi(h,t) is the individual production by well in 1000 bopy or mbopy 

Total production is the sum of production from the individual wells: 

 

 

Reservoir physics are treated in a simplistic manner. Every year production of 

each well is tracked and constrained not to exceed beyond 20% of the difference 

between well potential and the amount oil produced till the preceding year by the 

following steps. This equation is discussed in detail at appendix B. 
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Where, 

wellvol is the well potential in 1000 bbls 

 

The daily production rate cannot exceed the current production capacity of the 

facility after expansion. This constraint is defined as follows, 

 

cppcapnew(t) is the facility capacity after expansion in 1000 bopy or mbopy 

 

Facility Expansion 

We have implemented the expansion process with the help of a conditional statement 

series. 

1. The first statement establishes that till the expansion occurs, the new facility size is 

same as the old facility size. 

 

2. The second equation establishes that once the expansion occurs the new facility size 

is defined as the sum of the facility size prior to the expansion and the size to be 

expanded by. 

 

3. The third equation establishes that once the facility is expanded the new facility size 

is same as the expanded facility size. 
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4. The fourth equation calculates the size by which the facility needs to be expanded by 

at the expansion year. The expansion is limited by the fm parameter, which does not 

allow the facility to expand beyond certain factor. 

 

5. The fifth equation establishes that during the facility expansion, the facility can only 

be added capacity and it should be definitely more that what capacity we already had 

before expansion. The expansion capacity is decided by the model based on the 

existing information. 

 

Where, 

fm is a expansion capacity multiplier 

cppcapadd(t) is the incremental facility capacity during expansion in 1000 bopy or 

mbopy 

 

Additional equations are required for flow control, other programming issues, 

miscellaneous constraints, and to control for constraints of specific cases, but these are 

routine and not itemized here.  
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5. ANALYSIS METHODOLOGY 

 

5.1 BASIC OPTIMIZATION UNDER UNCERTAINTY 

 

We are going to elucidate a step by step procedure used to model the key decisions 

regarding the capital project from a decision maker’s point of view using our GAMS 

model. 

 

1. Before we start our simulations, we need to establish certain basic criterions for the 

model. They are, 

Facility configurations 

 Initial facility capacity 

 Well slots 

 Time of expansion (if available) 

Random variables 

 Reserve size distributions 

 Well potential distributions 

Parameters 

 Costs (CAPEX, OPEX) 

 Oil price 
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 Production constraints 

We have fixed the values for oil price, reserve size distributions and time of 

expansion to simplify our calculations and focus more on the uncertainties associated 

with the well production for all our cases. 

 

2. The first step simulates the decision team’s selection of initial facility size (FACo) 

and well slots from a variety of configurations of facility size and well slots. A 

Monte-Carlo approach is employed. In the iterations, the uncertain variables are 

sampled and the problem is optimized (including consideration of an option to 

expand). Hundred iterations are made for each configuration and the sample mean is 

computed. After all of the configurations are evaluated, the optimal configuration is 

selected by inspection.  Let us explain with the following example case, 

 

Well potential     = Uniform (6, 10) in million barrels 

Reserves     = Uniform (200,400) in million barrels 

Time of expansion (one time only) = 3 years 

Well Slots     = 20 slots 

Oil price     = $ 60 / bbl 

Initial facility capacity    = 10000 (in mbopy) 
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The result obtained from a particular iteration is the maximum net present value 

(NPV) for the given set of input and random variable realizations. This process, when 

repeated for 50 iterations, a cumulative distribution for NPV was produced, and the 

sample mean was computed. The result is shown in the figure 5.1. 

 

 

Figure 5.1 A plot of CDF of NPV. 

 

3. We repeat this process with other well configurations. Then we plot each of the 

sample means obtained for every configuration. From this plot of sample means, one 

can select the optimal configuration. An example is illustrated in the figure 5.2 for the 

previous example. 
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Figure 5. 2 A plot between Initial Facility Capacity and Average NPV for Well Slots = 20 

 

Additional curves can be added for other well slots levels and this is shown in the 

figure 5.3 below.   
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Figure 5.3 A plot between Initial Facility Capacity and Average NPV for multiple well slots 

 

The figure 5.3 can be used to select the optimal initial configuration of capacity and 

well slots, or at the least, to eliminate clearly sub-optimal designs. Additional 

configurations can be run to refine the selection, or curves can be fit to the data. The 

NPV associated with the selected configuration is referred to as NPV
A
. 

 

4. We repeat steps 2 and 3 for other well potential cases.  

This method is summarized graphically in the figure 5.4 below.
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Figure 5.4 A simple flowchart for basic optimization under uncertainty. 
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5.2 VOI ESTIMATION PROCEDURE 

 

The objective of the VOI computation is to quantify the effect of inaccurate 

assumptions regarding the subsurface uncertainties. 

1. The NPV determined using the original uncertainty assumptions, or null 

hypotheses, for the subsurface distributions is called NPV
A
. 

2.  If a project is initialized using the optimal configuration from step 1, but the 

uncertainty assumptions are changed to alternate hypotheses, then a different 

NPV will result. This is called NPV
B
. 

3. Had we known the alternate hypotheses were operative at the concept selection 

stage, we would have built a facility according to those hypotheses. The resulting 

NPV is called NPV
C
. It is the expected NPV obtained had the decision team 

planned for the alternate hypotheses. 

4. The maximum value of knowing the alternate hypotheses are operative is given 

by NPV
C
 – NPV

B
. This is the maximum willingness to pay to confirm the 

alternate hypothesis. This will help you in deciding to whether gather more 

information about the subsurface uncertainties or not, when comparing it to the 

cost of information and the estimate of the probability of the alternate hypothesis. 

 

This method is summarized graphically in the figure 5.5 below.
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Figure 5.5 A simple flowchart for Value of Information computation 



33 
 

6 SCENARIOS, ANALYSIS AND RESULTS 

 

6.1 SCENARIOS 

 

Based on data available from exploration and appraisal drilling, the subsurface 

experts develop various assumptions about the asset. We call the collection of base case 

assumptions the null hypotheses. It is these null hypotheses that are used to make 

decisions regarding the design of the facilities. 

This study examines the degree of compartmentalization of the reservoir. Three 

distributions for the well potential case were examined. 

The distribution of reserves is the same in all cases as shown in tables 6.3, 6.4, 6.5 

and 6.6 below. Six different well slots combinations were examined. Multiple 

completions of wells in well slots were accommodated in the model, and these are shown 

in table 6.1 below. 

 

Table 6.1: Possible well completions used in the model 

Well slots for dry trees Maximum # of completions 

12 18 

16 24 

20 30 

25 40 
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30 45 

36 54 

 

The constant values specified in the model were defined as shown in the table 6.2 below: 

Table 6.2: Constant values specified in the model 

Time, in years 25 

Fixed cost of well in $ million 50 

Coefficient for platform cost (does not vary with size) 80 

Coefficient for platform cost (vary with size) 0.006 

Coefficient for expansion cost 80 

Coefficient for expansion cost (vary with size) 0.006 

Variable cost of production, ($/bbl) 4 

Expansion cost multiplier 0.75 

Expansion capacity multiplier 2.0 

Maximum rate per well (in mbopy) 3650 

Discount rate 0.15 

Oil price per barrel ($/bbl) 60 

Year of expansion, in years 3 



35 
 

Table 6.3: Small well potential scenario, well slots and reserve size 

Well Potential A 

Million bbls 
Well Slots 

Reserves 

Million bbls 

U(6,10) 12 U(200,400) 

U(6,10) 16 U(200,400) 

U(6,10) 20 U(200,400) 

U(6,10) 25 U(200,400) 

U(6,10) 30 U(200,400) 

U(6,10) 36 U(200,400) 

 

 

Table 6.4: Medium well potential scenario, well slots and reserve size 

Well Potential B 

Million bbls 
Well Slots 

Reserves 

Million bbls 

U(12,20) 12 U(200,400) 

U(12,20) 16 U(200,400) 

U(12,20) 20 U(200,400) 

U(12,20) 25 U(200,400) 

U(12,20) 30 U(200,400) 

U(12,20) 36 U(200,400) 
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Table 6.5: Large well potential scenario, well slots and reserve size 

Well Potential C 

Million bbls 
Well Slots 

Reserves 

Million bbls 

U(18,30) 12 U(200,400) 

U(18,30) 16 U(200,400) 

U(18,30) 20 U(200,400) 

U(18,30) 25 U(200,400) 

U(18,30) 30 U(200,400) 

U(18,30) 36 U(200,400) 

 

 

Table 6.6: Small well potential scenario without option to expand, well slots and reserve 

size 

Well Potential A w/o 

option to expand 

Million bbls 

Well Slots 
Reserves 

Million bbls 

U(6,10) 12 U(200,400) 

U(6,10) 16 U(200,400) 

U(6,10) 20 U(200,400) 

U(6,10) 25 U(200,400) 

U(6,10) 30 U(200,400) 

U(6,10) 36 U(200,400) 
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6.2 Analysis 

 

After performing the steps described in the previous section following 

observations were made and the optimal solution for each case was identified and plotted 

below. 

 

6.2.1 OPTIMAL SOLUTION FOR THE NULL HYPOTHESIS 

 

After running all the cases over different well potential, we get the following 

optimal solutions for each case. The NPV obtained in these cases are termed as NPV
A
. 

 

Table 6.7: Optimal configurations table for each scenario 

Well 

Potential 

Well Potential 

in million 

barrels 

Optimal 

Well slots 

Optimal Initial 

Facility Capacity 

in Mbopy 

NPV, $MM 

A Uniform (6,10) 36 40500 5106 

B Uniform (12,20) 25 53000 7796 

C Uniform (18,30) 20 51000 8750 

A w/o exp Uniform (6,10) 36 44000 5051 

 

The resulting graphs for the above table are presented in the figures 6.1, 6.2, 6.3 and 6.4. 
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OBSERVATIONS 

 

1. The inverted U-shaped curves exhibit an optimum indicating the facility 

configuration with the largest expected NPV. The other points in the curve 

indicate facility sub-optimality. 

2. The approach used in identifying the optimal configuration is not exact, but at the 

least it does help to quickly identify sub-optimal configurations. 

3. The degree of curvature is by itself informative in knowing how sensitive the 

NPV is to initial facility size. 

4.  As the compartment size (well potential) goes up, the optimal number of well 

slots decreases and the optimal initial facility size increases. 

5. Initial facility size is larger for the case with no option to expand than to the case 

with the option to expand. The value of option to expand can be estimated by 

comparing their NPV’s. 
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Figure 6.1 Configuration outcomes for well potential = U[6,10] in MM bbls
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Figure 6.2 Configuration outcomes for well potential = U [12, 20] in MM bbls 
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Figure 6.3 Configuration outcomes for well potential = U [18, 30] in MM bbls 
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Figure 6.4 Configuration outcomes for well potential = U [6, 10] in MM bbls w/o the option to expand
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6.2.2 VOI ESTIMATION 

 

Next step in this procedure is to estimate VOI. 

A sample procedure with an example is illustrated below after obtaining the NPV
A
. 

1. Define well potential as U (6, 10), reserves as U (200,400) for a range of well 

slots and initial facility capacity and obtain the optimal well slots, initial facility 

capacity and NPV. The NPV obtained is NPV
A
. (See table 6.7 in previous 

section). 

2. Redefine the well potential to alternate hypothesis as U (12, 20). 

3. Run the simulations and obtain the new NPV as NPV
B
. 

4. Redefine well potential as U (12, 20), reserves as U (200,400) for a range of well 

slots and initial facility capacity and obtain the optimal well slots, initial facility 

capacity and NPV. The NPV obtained is NPV
C
. (See table 6.7 in previous 

section). 

5. Value of information (VOI) is computed as NPV
C
 – NPV

B
. 

6. Repeat steps 1 to 6 with other well potentials and calculate VOI’s. 

After this procedure, the VOI’s are estimated and tabulated as shown in table 6.8 below. 
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Table 6.8 Results – Value of Information analysis 

 

 

VOI (MM $) 0 VOI (MM $) 469.05 VOI (MM $) 552.11

VOI % 0.00% VOI % 6.02% VOI % 6.32%

WELLS 54 WELLS 54 WELLS 54

SLOTS 36 SLOTS 36 SLOTS 36

FACo ( in mbopy) 40500 FACo ( in mbopy) 40500 FACo ( in mbopy) 40500

VOI (MM $) 592 VOI (MM $) 0 VOI (MM $) 178.57

VOI % 11.60% VOI % 0.00% VOI % 2.04%

WELLS 40 WELLS 40 WELLS 40

SLOTS 25 SLOTS 25 SLOTS 25

FACo ( in mbopy) 53000 FACo ( in mbopy) 53000 FACo ( in mbopy) 53000

VOI (MM $) 1167 VOI (MM $) 426.89 VOI (MM $) 0

VOI % 22.85% VOI % 5.48% VOI % 0.00%

WELLS 30 WELLS 30 WELLS 30

SLOTS 20 SLOTS 20 SLOTS 20

FACo ( in mbopy) 51000 FACo ( in mbopy) 51000 FACo ( in mbopy) 51000

Alternate Hypothesis is realized (Ha) →

U(6,10) U(12,20) U(18,30)
Null Hypothesis assumed in design (Ho) 

↓

U(6,10)

U(12,20)

U(18,30)
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6.3 GRAPHICAL ANALYSIS 

 

6.3.1 ANALYSIS OF EXPANSION DECISION 

 

In this section we have analyzed the expansion capacity and the percentage of the 

iterations that resulted in the expansion with respect to the initial facility capacity. 

The figure 6.5, a graph, was plotted between, percentage of iterations that resulted in 

expansions and the initial facility capacity as shown below. 

 

 

Figure 6.5 Effect of % expansion of iterations for well potential = U [6, 10] in MM bbls 
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Observations 

1. Most of the iterations do not result in an expansion when the initial capacity is 

equal to or greater than the optimal capacity. This results because the initial 

facility is adequate for the revealed well potential and reserves. 

2. The percentage of iterations that result in an expansion is very large when the 

initial facility capacity is small. This results because the initial facility is very 

small for the revealed well potential and reserves. 

3. For configurations with lower slot counts, there is relatively less iterations with 

expansions. This result demonstrates the impact of the slot constraint. On the 

contrary, for configurations with large slot counts, 20 – 40% of the iterations 

result in expansion beyond the optimal facility capacity because slots are 

available to take advantage of outcomes in well potential and reserves.  

 

The figure 6.6 and 6.7 was plotted between, the average facility expansion size and initial 

facility capacity as shown below.  
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Figure 6.6 Effect of expansion size on iterations for well potential = U [6, 10] in MM bbls 

 

Figure 6.7 Effect of expansion size on specific well slots for well potential = U [6, 10] in MM bbls 
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Observations 

1. Most of the iterations do not result in an expansion when the initial capacity is 

equal to or greater than the optimal capacity. This results because the initial 

facility is adequate for the revealed well potential and reserves. 

2. Expansion capacities for the iterations with small initial capacity are almost equal 

to the initial capacity. This results because the initial facility tends to capture the 

maximum amount of oil available from the reservoir by expanding to the highest 

set limit for expansion in order to maximize the revenues lost due to small initial 

facility size until expansion. 

3. Configurations with large well slots but small initial capacity experience very 

large expansion projects. 

The smallest and the largest configurations were compared in the third graph. 

For iterations with smaller well slots, after reaching the optimal facility size, there was no 

expansion. 

In iterations with larger well slots, the expansion size increases when the initial facility 

size is small. This is possibly due to the fact that when the facility size is small, even at 

the availability of well slots, the iteration has not fully utilized the reserves after 

expansion. 
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6.3.2 VALUING THE OPTION TO EXPAND 

 

The option to expand was analyzed to determine the willingness to pay for the 

expansion.  A graph was plotted between Average NPV and Initial facility capacity for 

well slots = 25 for both expansion and without expansion cases as shown in figure 6.8 

below. 

 

 

Figure 6.8 Effect of option to expand on iterations for well potential = U [6, 10] in MM bbls and well 

slots = 25 
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Observations 

1. It can be clearly seen that when there is an option to expand the NPV is larger 

when compared to the project without an option to expand. The difference 

between the two curves can be construed as the willingness to pay for the option.  

2. The optimal initial facility size for projects without an expansion option is larger 

than that with expansion. When the option is available, it is optimal to build a 

smaller facility and expand only under certain realizations of well potential and 

reserves. 

3. When initial capacity is very large, the option to expand is not needed, and the 

two curves must eventually converge. This in effect is observed in the following 

figures 6.9 and 6.10. 

 

Figure 6.9 Effect of option to expand on iterations for well potential = U [6, 10] in MM bbls and well 

slots = 12 
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Figure 6.10 Effect of option to expand on iterations for well potential = U [6, 10] in MM bbls and well 

slots = 36 

 

 

 

 

 

 

 

 

3800

4000

4200

4400

4600

4800

5000

5200

5400

0 10000 20000 30000 40000 50000 60000 70000

A
v

e
ra

g
e

 N
P

V
 (

in
 $

 M
M

)

Initial facility capacity (in mbopy)

with exp w/o expWell  Slots = 36



52 
 

7. CONCLUSION 

 

The objective of this study was to examine and compare the loss in value incurred 

when decisions are based on erroneous estimates of input values. The heterogeneity of 

the reservoir dramatically affects the volume of oil that can be produced from a given 

well. Deepwater projects are very capital intensive and wells drilled in a compartment 

will only be able to produce the oil in that compartment regardless of the size of the 

entire reservoir. As such, it is critical to take into account the well potential when 

assessing the financial viability of a prospect as opposed to merely considering the size of 

the reservoir and the total oil reserve. 

A GAMS model with endogenous drilling and facility expansion was developed 

to estimate the NPV of development projects under uncertainty. This model was used to 

find the optimum solution (NPV, number of wells and facility size) for a given well 

potential and to conduct a value of information analysis.  

Major Conclusions drawn from the research, 

1. VOI approach was successful in analyzing the projects in the concept selection 

stage and useful in categorizing the projects based on the uncertainties in sub-

surface variables. 

2. It was observed that making the wrong assessment (whether higher or lower) for 

well potential will always result in a loss and optimistic production values are 

much more destructive to project value than conservative ones. The idea is that 

expanding a smaller facility, even though not optimal, will still result in a smaller 

loss than having a larger facility than necessary. 
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3. Initial facility size is larger for the case with no option to expand than to the case 

with the option to expand. The approach employed here provides a systematic 

means to estimate the value of the option to expand. 

 

Future research can be done to increase the level of detail (realism) in the model and to 

address more complicated and realistic problems. Examples are the introduction of 

reservoir properties and a reservoir tank model, the effect from maximum flow rate, etc. 

In conclusion, a simplified constrained asset optimization model was created in this 

research to study the value of reducing uncertainty in the estimates for subsurface 

variables. The method for estimating VOI using the optimization model was developed. 

The results from this study can be used to develop guidance as to what information 

should be obtained and what should be paid to obtain it.  
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APPENDIX A 

Analysis on Reserves Uncertainty 

The above analysis methodology can also be extended to estimate the impact of reserve 

size uncertainty on initial facility configurations and expected NPV. A constant well 

potential scenario of U [12, 20] in MM bbls was selected. The analysis was done with the 

constant values from table 6.2. 

The reservoir sizes were 

Case 1: U [150, 250] in MM bbls 

Case 2: U [200, 400] in MM bbls 

Case 3: U [200, 650] in MM bbls 

Using the GAMS model the optimum solution for null hypothesis for these cases were 

evaluated and shown in the table A.1 and the corresponding graphs are shown in figure 

A.1, A.2, A.3. As shown in these figures, a change in reserve volume does have an 

impact on both NPV and the initial facility capacity. The larger the reserve size, the 

greater is the NPV and consequently greater initial facility capacity. 

Table A.1: Optimal configurations table for each scenario for reserve uncertainty 

Reserve 

size 
Reserve size in 

million barrels 

Optimal 

Well slots 

Optimal Initial 

Facility Capacity 

in      1000 bopy 

NPV, $MM 

1 Uniform (150,250) 20 44500 5510 

2 Uniform (200,400) 25 53000 7796 

3 Uniform (200,650) 36 61000 10100 
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Figure A. 1 Configuration outcomes for reserve size = U [150, 250] in MM bbls 
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Figure A. 2 Configuration outcomes for reserve size = U [200, 400] in MM bbls 
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Figure A. 3 Configuration outcomes for reserve size = U [200, 650] in MM bbls 
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APPENDIX B 

Decline Curve Equation 

The decline curve equation used in the model to predict flow rate of each well over life of 

the project is analyzed here. Few changes were made to the existing model to capture the 

effect of the above mentioned decline equation.  

 

The above equation was used to model the decline flow equation for a producing well. 

Following change was made to the model and the production flow rate was captured. 

Equation 10 was changed to  

 

The analysis was done with the constant values from table 6.2. The initial facility 

capacity was changed and production profile was obtained as shown in figure B.1 and 

B.2. 

Reserve size   = 500000 (in 1000 bbls) 

Well potential   = 18000 (in 1000 bbls) 

Well slots   = 7 

Well completions  = 7 
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Figure B. 1 Production profile from model for above specifications when the cases expanded 
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Figure B. 2Production profile from model for above specifications when the cases never expanded 
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Observations 

1. When the initial facility size was low, the projects expanded which could be seen from 

the increase in facility size and consequently drilling of new wells at year 3 as shown in 

figure B.1. The all the cases in figure B.1 had expanded. 

2. When the initial facility size was large, there was no increase in facility size and well 

were drilled whenever necessary to completely utilize the available production capacity 

as shown in figure B.2. The cases in figure B.2 never expanded 
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