
energies

Article

Economic Analysis and Generic Algorithm for Optimizing the
Investments Decision-Making Process in Oil
Field Development

Catalin Popescu 1,* and Sorin Alexandru Gheorghiu 2

����������
�������

Citation: Popescu, C.;

Gheorghiu, S.A. Economic Analysis

and Generic Algorithm for

Optimizing the Investments

Decision-Making Process in Oil Field

Development. Energies 2021, 14, 6119.

https://doi.org/10.3390/en14196119

Academic Editor:

Oleksandr Melnychenko

Received: 26 August 2021

Accepted: 23 September 2021

Published: 26 September 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Business Administration, Petroleum-Gas University of Ploiesti, 100680 Ploiesti, Romania
2 Kuwait Oil Company, Ahmadi 60012, Kuwait; sgheorghiu@kockw.com
* Correspondence: cpopescu@upg-ploiesti.ro

Abstract: Due to the substantial amounts of money involved and the complex interactions of a
number of different factors, managers of oil and gas companies are faced with significant challenges
when making investment decisions that will increase business efficiency and achieve competitive
advantages, especially through cost control. Due to the various uncertainties of the current period,
optimal investment strategies are difficult to determine. Thus, through an economic analysis that
includes data analysis, quantitative risk analysis scenarios, modelling and simulations, a work
framework, in the form of a generic algorithm, is proposed with the aim of generating a complex
procedure for optimizing investment decisions in oil field development. A complex set of elements is
considered in the analysis: costs (operational expenditures (OPEX) and capital expenditures (CAPEX),
daily drilling rig costs), prices (oil, gas, separation and water injection preparation), production
profiles, different types of taxes and discount factors. Above all, oil price volatility plays an essential
role and creates uncertainty in relation to profitability and the strategic investment decisions made
by oil exploration and production companies.

Keywords: data analysis; modeling; simulation; decision making; investments; oil price; costs;
economic model; forecast parameters; optimization

1. Introduction

As with any scientific paper, it is necessary to demonstrate, on the one hand, the
opportunity presented by the study, and, on the other, its topicality and relevance.

Regarding the research opportunity, it should be said that, according to the Fortune
Global 500 ranking of the largest companies in terms of revenue for 2020, four of the
top 10 corporations operate in the oil industry, while two other companies in the top 10
operate in the energy sphere as their major field and in the oil sector, subsidiarily [1]. These
facts demonstrate the importance and the significance of the contributions made by the
petroleum sector to the world economy, such that any study or research concerned with
investment decisions in this sector, given the amounts of money considered and circulated,
ought to be seen as important.

At the same time, the topicality and relevance of the research is given, on the one
hand, by its including and reporting on some of the newest and most important research in
the field (over 85% of the titles included in the references section being studies conducted
in the last 5 years), and, on the other, the approach proposed in the study, which shows
the specific features of the oil and gas industry in relation to a concept not necessarily
new, but which has been used extensively in recent years. This is the VUCA approach [2].
All four components: volatility, uncertainty, complexity and ambiguity, are present in the
petroleum industry on a much larger scale than the other important domains. It must be
stated from the beginning that the amounts of money invested in the oil industry represent
hundreds of millions, even billions of dollars every year.
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Therefore, investment decisions are not easy to make and require complex, compre-
hensive studies that take into account the volatility of the price of crude oil and specific
financial issues (which will be described later), as well as various uncertainties about the
future of conventional/nonrenewable energy resources, the complexity of the process of
transforming crude oil into gasoline and diesel, the ambiguities generated by possible mis-
interpretations of a range of data and conditions regarding the exploitation of hydrocarbon
deposits from one oil field to another [3,4].

Companies from the oil industry have to be willing and able to perform extensive
risk analyses [5,6]. In this context, it is necessary to resort to economic evaluations that
can provide useful information to drive their investment decisions. This approach gives
corporate managers the opportunity to decide in a reasoned manner how to prioritize
projects and how to make efficient allocations of funds [7].

The oil industry is capital-intensive consuming. This is demonstrated by the need to
invest in new technologies and equipment, to explore new markets or propose projects
in oil field development. These capital investments, so necessary for the development
of corporations, are based on risk analyses performed in order to verify the financing
capacity of projects. Most projects in the oil industry are evaluated on several levels of
risks: economic risk, technical risk, environmental risk, political risk, etc. [8].

This paper analyses the major risks related to projects aimed at oil field development.
Given the large capital investments required for oil industry projects, economic risk focuses
on monetary returns, operating costs (which in many cases are very high), capital costs
and other potential factors that influence the price of crude oil.

Related to all the types of risk mentioned above, this paper proposes a risk manage-
ment framework to help companies make accurate and data-driven decisions when it
comes to making investments in oil field development.

For this framework, the authors used, firstly, modelling as a tool (using real data sets).
Then, quantitative risk assessments were used, taking into account the concept of the value of
money over time (the analysis was performed over a period of 12 years), by discounting
cash flows and highlighting the influence of different categories of risks on revenues. In
order to complete the scheme for generating the risk management framework, scenario
planning was used. This concept envisages exploring various scenarios that could have an
impact on cash flow.

To return to the paper’s subject and objectives, it has to be said, related to the VUCA
approach, that is critical to anticipating the future and providing guidance to the petroleum
companies, by offering well-founded decisions, with modern solutions, in order to bring
efficiency in their business activities.

In the current worldwide context of the oil industry, with a fluctuating oil price
(information will be presented later within the main body of the paper), and with pressure
coming from entities that are encouraging the use of renewable resources and promoting
sustainable development, the evaluation of the economic performance of a hydrocarbon
field development must be more and more complex, accounting for risks and uncertainties
related to the economic environment in which oil companies must operate.

In the light of addressing this problem and finding a pertinent solution, the authors
proposed a comprehensive framework as a work methodology (including an economic
model) and designed and constructed a workflow that integrates the activity of at least three
departments from an oil and gas operator: Reservoir Studies, Field Development and Economics,
and which represents the core part of the framework. The workflow, named Integrated
Workflow between Petroleum Engineering and Petroleum Economics (shortened to Integrated
Workflow) consists of a simulation model whose output data are sent to a probabilistic
economic model based on the Discounted Cash Flow method.

Integrated Workflow (acting as a generic algorithm) is an innovative product that is
allowing the integration and quantification of risks and uncertainties specific to hydrocar-
bon field development. It is also a useful tool that is helping the end user to explore and
understand the impact of different assumptions on forecast variables, and is providing
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directions for decisions relating to the need to explore different field development solutions.
The workflow was tested using modified data and proved to be flexible, versatile, easy to
use and reliable.

2. Literature Review

For any risk type and quantification of uncertainty, the management of risk is requiring
the utilization of different techniques, technologies and, in most cases, dedicated tools.
These are specific and must be tailored to the particularities of every situation. In relation
to the oil and gas industry, the solutions, techniques and tools permits the identification
and analysis of risks, but also an assessment of the impact of different variables when
evaluating CAPEX and OPEX, in order to set budgets in the downstream and upstream
areas. The present paper considers the upstream sector, since it is analysing and modelling
the economic performance of an oil field. The large number of risk factors and uncertainties
that characterize the oil and gas industry oblige decision makers to build models and tools
that integrate the whole set of variables that define the systems operating in the upstream,
midstream and downstream areas.

Technical-economic optimization in the performance of an oil field depends on a
multitude of parameters being included in the models generated. From this point of view,
current articles and updated researches (from the last four to five years), pertaining to the
oil and gas industry, will be referred to the throughout the paper. These scientific works
concerned subjects relating to the optimization of the decision-making process regarding
the improvement of the companies’ profitability.

For specialists in the oil and gas industry, it is necessary to find ways to develop
tools for predicting production performance and analyzing the profitability of oil fields [9].
Nowadays there is a concern to analyze the decline curve (in fact, the DCA method) on a
computerized statistical basis with the purpose of making an objective interpretation of the
opportunities offered by an oil field [10,11]. One of the most frequently used methods for
estimating the final recovery factor (actually, estimated ultimate recovery—EUR) but also
for determining the field performance refers to the Arps DCA variant [12].

At the same time, through the decline curve analysis, various models were also built
for shale gas reservoirs [13]. In addition, based on the estimation of the maximum value for
the Net Present Value (NPV), an optimal well spacing can be established for an oil field after
the comprehensive analysis of many parameters defining the oil field [14]. On the other
hand, the technical-economic optimization must consider predicting production-system
behaviour dynamics based on the modelling of the physical characteristics defining the
shale-gas reservoir [15].

There are various approaches for analysing production performance in the oil and
gas industry using the assisted history matching [AHM] technique to generate multiple
history matching solutions [16]. Also, similar in its design to the method proposed in the
present paper, an AHM workflow integrates a wide range of uncertainties to predict the
response parameters using different tools and concepts: Neural network, Markov Chain
Monte Carlo algorithm or reservoir simulator [17].

There are studies based on large volumes of data that include field data, laboratory
measurements, real time field monitoring, etc., which propose workflows useful in the
development of oil fields and that will be able to be used in future developments in the
field [18]. There is also extensive research analysing how various parameters (i.e., crude
oil price or oil trade volumes) affect the profitability of oil and gas companies [19]. In
the last four to five years, complex analyses have been published that have considered
especially the impact of the changes regarding oil prices on the stock returns of oil and gas
companies [20–22].

On the other hand, there are different studies and bodies of research that estimate a
risk index and propose ways to mitigate the negative impact and economic losses of oil
infrastructures (due to hard drilling and production operations conditions, including sand
and dust) in order to improve company profitability [23,24].
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It is important to mention that there is a change of terms and meanings related to the
transition from intensive use of fossil resources to investments in renewable energy sources,
as a transition risk, and which will lead to major changes in oil prices while the need for
the quantification of risks in the use of classical resources is mandatory for the creation of
sustainable investment strategies, even in the case of the oil and gas industry [25,26].

The aspects analyzed in this paper consider the quantification of risks and the analysis
of the return on investments in the oil and gas industry. In the case of this industry, risk
quantification can also be done based on the value at risk (VaR) [26–28].

Through the value at risk the probability of the net present value (NPV) exceeding
a certain threshold value can be estimated in relation to the influence of risk factors on
the NPV’s values [29]. Also, the performance of the value at risk measure is studied
under different distributional models [30]. In terms of comparing standard risk measures,
there are researches that emphasize the superiority of Expected Shortfall against value at
risk [31].

On the other hand, in many cases two issues are involved in the overall economic risk
assessment of a project, namely, NPV, as a method for the economic feasibility, and the
Monte Carlo Simulation, as a stochastic approach [32]. Other approaches also incorporate
into the value at risk forecast additional models (such as Markov-Multifractal Switching,
MSM) which can support the modelling and forecasting of oil price volatility as well [33,34].

At the same time, there are studies that consider some threshold methods proposing
an integration of the POT (peaks over threshold) concept and which recommend the use of
models for forecasting one-day-ahead value at risk [35].

Another aspect of forecasting considered to be vital in this article is the influence of
crude oil prices in generating the best possible financial results for oil companies. From
this point of view, there are various approaches that might be taken. A first example
considers a relatively small number of prices in order to analyze the evolution of return
and volatility [36] (though this is not treated of in this paper, which is concerned with an
extended range and large limits). Other authors consider forecasting the volatility of crude
oil prices as a critical issue for researchers, market participants and policymakers [37].

Since the oil companies look for technical solutions to improve the amount of oil
recovered from an oil reservoir, one way is to use one of the methods of Enhanced Oil
Recovery (EOR). These methods are costly but can generate significant revenues. Therefore,
a field’s hydrocarbon recovery factor is mainly a function of the locations of wells and the
reservoir’s condition, including its static properties (porosity, permeability, NTG ratio),
dynamic properties (saturations and pressure 3D distributions) and rock-fluid interaction
properties (relative permeability and capillary pressures) [38]. The main role of the well
placement process is to establish the best well locations so as to generate the highest profits
from hydrocarbon production [39] when field development constraints have been taken
into account [40].

Integrated management of the oil companies is associated with complex decisions
that include the dynamics of the new drilling operation and surface facilities, on the one
hand, and well/field performance (production and injection rates), on the other. All of
these factors have an important impact on field profitability [41].

A novel industrial approach refers to dynamic risk analysis (DRA). This new concept
intends to create means to monitor changes in operational conditions and to quantify their
effect on risk. For the integrated operations related to the oil and gas systems a DRA
method called the risk barometer was developed [42].

For the analysis of overall risk level variation, it proposes the use of dynamic risk
assessment techniques and aggregation methodologies that integrate risk analysis for
risk-based decision making for integrated oil and gas operations [43].

At the same time, oil companies have to find time-bound solutions to optimize their
investments decisions, considering the risks and uncertainties, by which each oil company
is able to maximize its profit [44,45].
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3. Data and Methodology

To manage risks and uncertainties and include each risk type and uncertain factor in
any activity for an optimum decision it is mandatory to use adequate methods and design
suitable methodologies.

The problem analyzed in this case is recognized by oil and gas companies and concerns
the possibility of identifying suitable means to provide viable solutions that improve the
profitability of companies by using appropriate methodologies in the comparative study
of complex technical and economic scenarios. In addition, an approach is introduced that
combines theoretical elements of academic analysis with practical aspects, taken from the
industry. The discussion is also related to the fact that there are no specific methodologies
or procedures explained in sufficient detail to propose complex models or approaches,
which consider as many variables and as many forecast parameters as possible, and which
can be used by experts from the company in optimizing decisions related to the design of
efficient development strategies.

The simulation model discussed in this paper uses the output data to be sent to a
probabilistic economic model based on the Discounted Cash Flow method.

This economic model has seventy-eight assumptions relating to the quantification of
risks and uncertainties associated with economic or operational environments: oil price,
daily rig cost, total drilling days (with modeled risks related to delays and rig problems
quantified as drilling days), conditions that are imposing the installation of an artificial lift
system (electro submersible pumps—ESP), variations of a well’s flow rate within defined
limits, and the possibility of losing the well in the course of an operation due to failure.
The twelve forecast variables are focused mainly on economic performance indicators:
cumulative discounted cash flow (CDCF), payout time, the profit–investment ratio, CAPEX,
OPEX and different types of taxes (profit tax, royalty, ad-valorem tax, etc.).

The economic model [46] was constructed in Microsoft Excel and uses a worldwide
industry reference software, Oracle Crystal Ball, for the probabilistic calculations (Monte
Carlo or Latin Hypercube). The model is very flexible, easy to use and can be modified to
adapt it to different hydrocarbon field development solutions. The analysis of the results is
performed through percentile and Spearman’s rank correlations [46].

In case some of the assumptions defined large intervals, the authors, as part of the
workflow, developed a module that subdivides large intervals into smaller subintervals.
For example, there might be an assumption that oil price will vary from 20 to 80 USD/stbo
(for the last six years). This is quite a large range and, for a more detailed analysis, this wide
interval can be subdivided into several non-overlapping smaller intervals. The economic
model, as it is designed now, has four assumptions and three subintervals. The number of
combinations is N = subintervalsvariables. Changing the assumptions and/or modifying
the subintervals is designed to be an easy task and can be performed by virtually anyone.
This module generates all the possible combinations of assumptions and subintervals as
a new set of cases that are executed sequentially in Oracle Crystal Ball. Upon execution
of each of the cases, it generates the report of the run. At the end of the last run, the
P50 values are read for all defined forecast variables. The whole operation is controlled
by a VBA application integrated into an Excel workbook. This method helps the user to
better understand the profitability of the case and to decide which combinations should be
considered and which should be discarded. It also gives indications as to whether the field
development solution should be revised or optimized to maximize the profit.

Another useful approach is based on Sensitivity analysis principles, which allows the
identification of a set of parameters that have the greatest influence in terms of model
outputs. In this case, the model outputs are the economic performance indicators:

- POT (Payout Time);
- IRR (Internal Rate of Return)
- PI (Profit–Investment Ratio);
- CNCF (Cumulated Net Cash Flow);
- TT (Total Taxes);
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- PT (Profit Tax);
- NPY (Number of Profitable Years).

There are other useful data related to the research. These are:

- The scenario of field development is based on a real oil field in secondary recovery
(water injection), located in the northern part of the Arabian Peninsula;

- The considered uncertainties and risks are:

- Drilling time;
- Delays related to problems while drilling;
- Rigs and supply, with potential for the failure of materials;
- Problems and failures related to artificial lift systems (ESP), which might be as

serious as losing the well;
- Costs (OPEX, CAPEX and daily drilling rig costs);
- Prices (sales prices for oil and gas, cost of liquid separation and water injec-

tion treatment);
- Production profiles;
- The discount factor.

- The model will provide, on one hand, the economic performance parameters as a
range and, on the other, the main influencing input parameters.

The designed model considers all the information mentioned above and the outputs
help the user to reach decisions for the short-, medium- and long-term evolution of the
company and its profitability.

Nowadays we are facing an exponential increase in computational power, which is
opening new horizons in the domains of numerical simulation of oil and gas reservoirs and
allowing the construction of more and more complex Discounted Cash Flow economic models
based on Monte Carlo probabilistic calculation algorithms. The number of parameters
defined as distributions of frequencies (called assumptions) and the forecast variables used
to model the risks and uncertainties of an economic model can be increased to a level that
can incorporate a very large amount of detail.

Through uncertainty quantification and computer simulation, this complex model
will be analysed using adequate tools. An economic model is already built in MS Excel
using Oracle Crystal Ball (as the industry standard probabilistic engine) [46]. This economic
model is based on the well-known Discounted Cash Flow method and has a high degree of
complexity. The whole model, developed by the same authors, is detailed and available for
access [46]. The authors deliberately avoided including in this paper full descriptions and
details of the economic model that is used (due to the large volume of information and the
need to avoid overlapping paragraphs that will increase the similarity percentage between
the two papers).

The starting point in developing the present approach is related to a complex model
especially designed to assess the economic performance of an oil field. This model contains
78 input variables (assumptions) and 12 forecast parameters, running 10,000 Monte Carlo
trials, in approximately 400 s [46]. The findings generate a competitive economic model
that can help oil and gas companies to determine one of the best development solutions for
their investment strategy. This is possible because the model can be considered as a basic
scenario which could be integrated with other parameters taking different values.

Currently, the main challenge in this context is finding continuous solutions to improve
company profitability by using a comprehensive probabilistic approach. This complex
study proposes a comparative analysis by considering different scenarios based on sensi-
tivity analysis. The management focus is to organise an effective decision-making process
that will create perspectives for economic benefit and which is adaptable and flexible with
respect to investment strategies.

The scope of this article is to present the result of a complex research study performed
by the authors, with emphasis on:
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- Designing a risk management framework;
- A description of an oil field development solution through an economic analysis;
- Development of a functional Monte Carlo probabilistic economic model using the

industry reference software Oracle Crystal Ball;
- Assessing the impact of significant limits on the assumptions and methods so as to

overcome potential negative impacts;
- Workflow (a generic algorithm) to integrate Petroleum Engineering with Economics.

3.1. Reservoir Description (Technical Features)

The RAA4 oil field, located in the northern part of the Arabian Peninsula, is a clastic
reservoir, and is comprised of five geographical segments separated by communicating
faults. These segments have been named Zones 1 to 5. Vertically, it is delineated in five
oil bearing formations (Sand 1 to Sand 5), from top to bottom. Sand 1 and Sand 4 are
more channeled, the rest more heterogeneous. Four rock types were identified, from lower
quality to higher quality, as follows: shale, shale sand, fine sand and coarse sand.

On average, around 85% of the rocks potentially bear hydrocarbons, 33% of the rocks
are lower quality rocks with permeability less than 100 mD and 16% of the rocks are shales
with less than 4% porosity. The main challenges facing the operating company developing
this field are the absence of an active aquifer and the bubble pressure, which is relatively
high, varying from 1500 to 2300 psia. The development solutions consider a green field
instead of field rehabilitation.

The simulation model was initialized as a black oil system with an original oil-in-place
(STOOIP) estimate of 64.8 MMstbo and an original mobile oil-in-place (mobile STOOIP) of
45.1 MMstbo.

The reservoir, generically called RAA4, is treated as a green field and will be developed
with 29 oil producers and 18 water injectors. All the wells are vertical and are targeting all
the good horizons. The development solution considered:

- That the field oil rate target should be at least 6500 stbo/d and reached in a maximum
two years;

- The well economic’s limits, which are: oil rate15 stbo/d, maximum water cut 98%
and maximum GOR (gas oil ratio) 2 Mscf/stbo. Once any of the limits are reached,
the well is to be shut-in;

- The oil-producing wells are drilled in order to reach and maintain the field oil target;
- Each of the water injection wells are to be assigned a certain number of oil producers

and drilled once one of the assigned producers starts;
- The scope of water injectors is to increase the sweep efficiency and maintain the

average field pressure close to the initial reservoir pressure;
- The injected water and reservoir fluids volumes are to be balanced to avoid under- or

over-pressurization of the field.

The prediction starts at 1st of January 2022 and ends at 1st of April 2034, but all the
economic evaluations are to be completed by 1st of January 2034.

Figure 1 shows the initial distribution of oil saturation in the field, as well as the oil
producers and the architecture of the water injection wells.

The injector–producer ratio is 1:1.6; or, in other words, two injectors to three producers.
As good practice, the ratio is 1:2 to 1:4. As can be seen in Figure 1, the injectors are coloured
in blue and producers in black. The reasons for the high ration of this FDP proposed
solution are: (i) the fault blocks (although in communication, there is a degree of isolation
of the separating faults and the channelling system) and (ii) the fast depletion, with the
risk of forming a secondary gas cap.

To avoid over-pressurizing the field or the appearance of secondary gas cap—the
bubble pressure varies from 1500 to 2300 psia—the VRR (Voidage Replacement Ratio) is
set to values in the range 0.95 to 1.1.
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Under the current development solution, the field attains and maintains a plateau
of 6500 stbo/d for almost three years. At the end of the twelve-year forecast, the field
will have produced 16 MMstbo, which corresponds to a recovery factor of 24.5%. The
total water produced is 36.2 MMstb and the total injected water is 56.6 MMstb. As can be
observed, a supplementary source of water is required. The water produced will never be
sufficient. Half of the needed injection rate will be available from the produced water after
4.5 years. It must be recalled that all the produced water is from the injected water. The
aquifer is too weak to be considered as bringing energy into the system.
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Figure 3 shows the number of wells to be released annually.
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Analysing Figure 3, it can be observed that the whole drilling program spans the first
five years, and it is aggressive in the first year (13 wells to be drilled and commissioned)
and in the second year as well (14 wells to be drilled and commissioned). The third and
fifth year require only four wells, while the fourth year requires an aggressive well-drilling
and commissioning campaign (12 wells).

3.2. Economic Model

The authors developed a probabilistic economic model based on the Discounted Cash
Flow method and adapted it to address some of the identified risks related to drilling,
production of wells and interventions in their operation, and uncertainties related to
selling prices, yearly price escalations, the various costs and other parameters that will be
detailed further.

The authors opted to develop an economic model [46] complex enough to reflect
in relatively high detail the risks and uncertainties, while at the same time keeping the
runtime within a reasonable timeframe. As was mentioned above, all the details of the
economic model are available [46]. The following aspects are intended to be highlighted:

- All economic models depend on taxation systems which can vary greatly from country
to country. This model is a generic one, considering a simplified tax system from a
European country;

- Costs and prices should be considered as indicative and they have been realistically
chosen and should be treated as examples;

- The distributions selected for assumptions along with their definitions were decided
on the basis of the authors’ experience and they should be treated as examples too.
The model is flexible enough to allow the user to change them;

- The CAPEX and OPEX can be much further detailed. They are case specific and must
be adapted.

3.3. Integrated Workflow

The authors developed a workflow (generic algorithm) that consists of a complete
and customizable innovative solution connecting the domains of Petroleum Engineering
and Petroleum Economics. This approach is illustrated in Figure 4.
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Simulation Model Output

The simulation model represents the field development solution that the customer
will evaluate from a business point of view. The output data are the monthly cumulative of
oil, water, gas and water/gas injection.

Economic Model

The economic model is a comprehensive model to assess the business performance of
an oil/gas field under development. This model was designed by the authors to be easy
to use, easily modified and easily debugged. The data source for production profiles can
be either output from a simulation model or from other sources (Decline Curve Analysis—
DCA; or Material Balance calculations—MB).

Additionally, the model was designed and implemented in Microsoft Excel using the
probabilistic engine Oracle Crystal Ball [46]. The outputs are the economic performance
indicators (Payout Time, Number of Years of Healthy Business, Discounted Cash Flow,
Taxes, Profit–Investment Ratio, etc.).

Profitable?

If the business performance indicators are considered good enough, then the outcomes
of the study are delivered to the beneficiary.

Revise Economic Parameters

In the case that the business performance parameters are not good enough, there is an
option to revise the input parameters (assumptions). The authors have written a script that
automatically generates sub-cases of the main case to identify the impact of large ranges
for distributions of identified assumptions.

For assumptions that have wide definition ranges and are significantly impacting
the business performance indicators, the ranges will be subdivided into narrower inter-
vals. In this case, four parameters were identified and their ranges were subdivided into
three subintervals.

The script creates all 34 (81) possible combinations as sub-models, runs all the sub-
models and extracts the P50 values for the twelve forecasts (business performance indica-
tors). p-values are widely utilized and implemented in all industry-standard probabilistic
software and/or plug-ins like Crystal Ball, @Risk, etc. The script can be easily modified to
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accommodate more assumptions and more subintervals. Finally, the user can filter out the
non-profitable cases.

Revise Field Development Solution?

The user has the option to revise the field development solution and restart the
whole process.

As an example, the workflow is applicable as follows: the Subsurface or Reservoir
Study team is proposing a field development plan (FDP) for a field representing the input
for the Planning team. The Strategic Planning team is responsible for evaluating the
economic performance (profitability) of the proposed FDP. In many cases, some technically
sound FDPs may be discarded because they are not profitable or not profitable enough.
This workflow, as it is developed, is helping the Reservoir Study team to propose, both
technically and economically, profitable FDPs. It also connects professionals from different
departments who are apparently not related (oil and gas professionals and economists),
helping them to work jointly for the company’s success.

4. Results and Discussions

The authors decided to present the results in the same format used in the paper [46]
cited as the starting point for the current analysis. In fact, it is much easier to understand
and follow the two targeted articles.

The following table presents the assumptions and the forecast variables. For practical
reasons, some of the forecast variables are embedded in Table 1.

Table 1. Table with Input Variables and Associated Distribution Settings.

Various Parameters Value/
Start Value

Unit
Distribution Settings

Min. Most
Likely Max. Distribution

Type

General Settings

Start date 1 January 2022

End date 1 January 2034

WCT Triggering ESP (WCT) 32% 0% 60% Uniform

Equipment’s price
increase (EI) 7% per annum 5% 10% Uniform

Costs and Selling Prices

Oil price (OP) 50 USD/stbo 20 80 Uniform

Gas price (GP) 2 USD/Mscf 1.5 4 Uniform

Liquid separation cost (ULSC) 0.556 USD/stb 0.243 0.745 Uniform

Water injected cost (UWIC) 0.7949 USD/stb 0.64 1.28 Uniform

Yearly prices increase (YPI) 3.5% USD 2% 5% Uniform

Field cost (OPEX) (FOPEX) 500,000 USD/mnth 400,000 600,000 Uniform

Drilling Related Data

Drilling time 33 days 20 35 50 Triangular

Daily rig cost 30,000 USD/day 15,000 30,000 50,000 Triangular
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Table 1. Cont.

Various Parameters Value/
Start Value

Unit
Distribution Settings

Min. Most
Likely Max. Distribution

Type

Drilling delays related to (Risks)

Drilling Rig Failures 2.5 days 0 5 Uniform

Materials Delays 2.5 days 0 5 Uniform

Drilling Problems 3 days 0 4 Uniform

Total days 41 Forecast
parameter

Well cost (CAPEX) (TWC) 1,230,000 USD Forecast
parameter

Well depreciation time (WDT) 12 months 8 16 Uniform

Production (Risk)

Rates uncertainty 1 0.85 1 1.15 Triangular

ESP (Electro-Submersible Pumps)

ESP Cost 550,000 USD 450,000 650,000 Uniform

Installation frequency 12 months 10 16 Uniform

ESP depreciation time (1/2
ESP lifespan) 6 months

Installation cost per day 18,500 USD/day 10,000 20,000 Uniform

Installation days 1 day 1 3 Uniform

Installation cost 18,500 Forecast
parameter

Total ESP cost (CAPEX) 568,500 USD Forecast
parameter

Taxes

Royalty (ROYT) 15%

Ad-Valorem (ADVT) 2%

Production tax (PRDT) 4.60%

Depletion tax (DEPT) 10%

Taxation (TAX) 16%

Investments

Surface facilities
(CAPEX) (SFC) 100,000,000 USD

Depreciation of Surface
Facilities (DSFT) 48 months

Discount Factor (DFA) 3.5% annual 2% 7% Uniform

Discount Factor
Monthly (DFM) 0.00246627 monthly

The following points will explain some of the contents of Table 1:

- Start date and End date represent the time interval corresponding to the hydrocarbon
production forecast;

- WCT triggering ESPs represents the minimum value of the forecast water cut in a well
that is triggering the installation of an ESP (electro-submersible pump—the artificial
lift system);
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- Equipment’s price inflation represents a coefficient estimating the yearly price increase
for any drilling and completion materials;

- Field Cost is an estimated monthly cost to operate the field. It includes all the cash
costs (salaries, utilities, etc.) and some of production-related costs. The costs for water
injection and fluid separation, separately and together with field cost, go into the
Operating Cost (OPEX). This cost itself can be subject to sensitivity analysis;

- Yearly prices increase refers to the yearly increase of selling prices (for oil and gas)
and costs (liquid separation, water injection treatment and OPEX);

- Drilling time and Drilling rig cost are two input variables (assumptions) that concern
drilling-related costs. Drilling time is converted into money. The variables can be
subject to sensitivity analysis;

- Drilling delays related to Risks considers delays from the average drilling time due to
some known drilling-associated risks expressed in time and converted into money;

- Well cost is the final cost of a drilled well ready to start producing or injecting;
- Well depreciation time is the time that is required for a well to recover the money

spent on its production/injection;
- Rates uncertainty models the associated risks in obtaining field production and takes

into account subsurface uncertainties. All the rates (oil, water, liquid, gas and water
injection) are simultaneously adjusted with this variable;

- ESP installation frequency models two risk situations: (1) periodic replacement of the
ESP due to some pump failures or end of service for ESP, and (2) the risk of losing the
well after an ESP intervention;

- Taxes refers to all taxes more complex than a single value. In this paper they are
considered as a single value—that is, they are not subject to uncertainty analysis. The
taxes are country specific, they may have complex calculation algorithms and can be
modelled in various ways and with different degrees of detail;

- Surface facility (CAPEX) embeds the total investments of all surface facilities required
to operate the field. This estimation that is a function of the dimensions of the field,
production, needed injection, number of wells, etc. The economic model considers the
Surface facility CAPEX as an upfront investment that can be subject to uncertainty
analysis, too;

- Discount factor is a coefficient used to calculate the future value of money.

The economic model was run for 10,000 trials of a Monte Carlo simulation. Table 2
contains the P50 values of the twelve forecast variables.

Table 2. Table with Forecast Variables.

Economic Indicators

Payout Time—POT 145 months Forecast parameter

Internal Rate of Return—IRR −2% %/year Forecast parameter

Business Length 12 years Forecast parameter

Discounted profit at end of
the business (SUM_DCF) −46 mil. USD Forecast parameter

Profit–Investment Ratio—PI 0.87 Forecast parameter

Total Taxes 208 mil. USD Forecast parameter

Total Taxes on Profit 44 mil. USD Forecast parameter

Total CAPEX 176 mil. USD Forecast parameter

Total OPEX 165 mil. USD Forecast parameter

Total Days 42 days Forecast parameter

Total ESP cost 585 ths USD Forecast parameter

Well cost 1.265 mil. USD Forecast parameter
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The following points will explain some of the contents of Table 2.

- Payout Time (POT) represents the time (months or years) in which all the CAPEX was
paid off. In this case, the POT is 145 months (12 years), which means that the project
has never become profitable;

- Internal Rate of Return (IRR) represents the discount factor corresponding to the zero
Net Present Value (NPV) at the end of the forecast. The current IRR is negative, which,
from the economic perspective, is non-sense. It is another indication that the project is
totally not feasible;

- SUM_DCF (Cumulative of Discounted Cash Flow) represents the business profit
generated at any moment in the future. The DCF at the end of the project is negative,
which means that the project is losing money;

- Business Length represents the number of years until the business becomes not
profitable, meaning it corresponds to the prior year when NCF (Net Cash Flow) turns
negative. There are some combinations of the input variables where the NCF becomes
negative. In such cases it is no longer feasible to continue to operate an oil field,
when it is no longer profitable, and so it ought to be conserved for the future or
else abandoned;

- Profit–Investment Ratio (PI) represents a profitability indicator for a business. Another
way of thinking about it can be “How many dollars (or other currency) is generating
one invested dollar (or other currency)?” The Profit–Investment Ratio must be higher
than one to have a profitable business. Any values, less than or equal to 1 is not
profitable and should be revisited;

- Total Taxes and Total Profit Tax represent the taxes that are to be collected by the
financial organizations of the state where the business is conducted. Total Profit Tax is
presented separately because in the current taxation model this money is paid to local
authorities where the business is conducted. The tax amounts to be paid are generally
quite high.

Table 3 contains the input variables which have the greatest influence on each forec-
ast parameter.

Table 3. Input variables which have the greatest influence on each forecast parameter.

No Sensitivity Parameter Assumption
Input Variable

Contribution
to Variance

Rank
Correlation

1 Payout Time (POT)

Oil price 77.1% −0.660

Drilling rig cost 5.4% 0.170

WCT triggering ESP 4.6% −0.16

2 Internal Rate of Return Oil price 90.1% 0.900

3 Business Length
Oil price 61.1% 0.640

WCT triggering ESP 16.9 0.340

4
Profit at the end of the business

(SUM_DCF)

Oil price 84.5% 0.920

Drilling rig cost 4.1% 0.200

5 Profit-Investment Ratio (PI)
Oil price 88.7% 0.938

WCT triggering ESP 3.0% 0.170

6 Total Taxes
Oil price 92.3% 0.958

WCT triggering ESP 2.7% 0.160

7 Total Taxes on Profit
Oil price 91.6% 0.955

WCT triggering ESP 2.7% 0.161
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Table 3. Cont.

No Sensitivity Parameter Assumption
Input Variable

Contribution
to Variance

Rank
Correlation

8 Total Well Cost
Drilling rig cost 69.1% 0.810

Drilling time 26.2% 0.501

9 Total ESP Cost ESP Cost 96.1% 0.985

10 Total CAPEX
Drilling rig cost 56.6% 0.750

Drilling time 22.0% 0.545

11 Total OPEX

Injected water 44.0% 0.662

Field Cost (OPEX) 26.9% 0.512

Yearly prices increase 17.7% 0.422

Rates uncertainty 5.6% 0.231

12 Total Drilling Days Drilling time 87.2% 0.930

Contribution to Variance

Contribution to Variance is a parameter that quantifies the impact of an input variable
on a forecast variable. It has values only from 0 to 1, where a value closer to 1 means that
the forecast parameter is highly dependent on variation in the input parameters. A value
close to 0 means a small degree of dependence or almost no dependence at all [46].

Rank Correlation

The Rank Correlation is a parameter that accounts for correlations between forecast
variables and input parameters (assumptions). The domain of validity for Rank Correlation
is from −1 and 1. Any values close to 0 means that there is no correlation between the
input variable and forecast parameters. Any values close to 1 are showing a high and direct
proportionality correlation. In the case where values are close to −1, a high and inverse
proportional correlation between forecast variables and input parameters (assumptions) is
shown [46].

Of relevance to the present discussion, analyzing the results from Tables 1 and 2, there
emerge the following findings:

- Under the current setup, the most likely case, P50, is totally unprofitable; the invest-
ment will never be paid out, and the discounted cash flow is −46 mils USD;

- The most influential parameters for the forecast parameters are: oil price, drilling rig
cost (per day), drilling days (drilling time) and water cut triggering installation of
ESPs. Oil price is impacting the net income and the rest impacting the CAPEX;

- Based on the above two conclusions, two actions can follow:
- (1) Temporary abandonment of field development, saving it for later when oil prices rise;
- (2) Conduct more investigations and find out how the field might be attractive from a

business point of view.

The first option was discarded because the field is still attractive and clearly has
potential that was not fully investigated. As for the second option, which is business
related, ways to reveal conditions in which the field development can be made profitable
should be investigated. As has already been stated above, the main factors relevant to
the profitability of this field are four parameters with relatively broad ranges, as can be
observed in Table 4.
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Table 4. The parameters with the greatest influence on profitability and their ranges.

Various
Parameters

Value/
Start Value

Unit
Distribution Settings

Min. Most
Likely Max. Distribution

Type

WCT triggering
ESP (WCT) 32% 0% 60% Uniform

Oil price (OP) 50 USD/stbo 20 80 Uniform

Drilling time 33 days 20 35 50 Triangular

Daily rig cost 30,000 USD/day 15,000 30,000 50,000 Triangular

The ranges of the four parameters were subdivided into three non-overlapping inter-
vals and then sub-scenarios of all the possible combinations of the four parameters and
three subintervals were created (see Table 5). A total number of 81 cases were generated,
allowed to run individually and the data were then extracted.

Table 5. Main parameters influencing profitability, with their subintervals.

Case
WCT Triggering ESP Oil Price Drilling Time Rig Cost

% USD/stbo days USD/day

Min. Max. Min. Max. Min. ML Max. Min. ML. Max.

LOW 0% 10% 20 40 20 25 30 15,000 20,000 25,000

MEDIUM 35% 45% 40 60 30 35 40 25,000 30,000 35,000

HIGH 55% 65% 60 80 40 45 50 35,000 40,000 50,000

An example of how oil price limits were selected can be seen in Figure 5.
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Figure 5. Oil price range breakdown.

Applying the Integrated Workflow, for the four assumptions and three subintervals, the
final table with the P50 results for the main business performance parameters is presented
below (Table 6).
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Table 6. The profitable sub-cases.
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HIGH HIGH LOW LOW 10 23.7% 51 1.40 126 156 170 71 285
HIGH HIGH MED LOW 10 20.5% 54 1.33 110 166 170 70 286
HIGH HIGH LOW MED 10 18.4% 56 1.29 98 171 170 69 285
HIGH HIGH HIGH LOW 10 17.3% 57 1.26 90 175 170 68 286
MED HIGH LOW LOW 8 19.3% 53 1.26 85 161 168 63 257
HIGH HIGH MED MED 10 14.2% 62 1.19 71 186 170 67 286
MED HIGH MED LOW 8 16.0% 57 1.19 66 170 168 62 257
HIGH HIGH LOW HIGH 10 13.4% 63 1.17 65 189 170 66 286
MED HIGH LOW MED 8 14.2% 59 1.16 56 176 168 61 258
MED HIGH HIGH LOW 8 13.0% 61 1.14 49 180 169 60 258
HIGH HIGH HIGH MED 10 10.6% 69 1.11 45 200 170 65 286
LOW HIGH LOW LOW 8 12.1% 60 1.09 30 165 167 53 227
MED HIGH MED MED 8 10.0% 67 1.08 29 190 168 59 257
HIGH HIGH MED HIGH 10 8.4% 77 1.07 28 209 170 63 286
MED HIGH LOW HIGH 8 9.2% 70 1.06 24 193 168 58 258
LOW HIGH MED LOW 8 8.9% 71 1.03 12 174 166 51 226
MED HIGH HIGH MED 8 6.3% 94 1.01 4 204 169 57 258

Analyzing the data in the table, it can be observed that the vast majority of the
profitable cases are based on the high oil price sub-segment, 60–80 USD/stbo. At this
point, the field operator may decide to park the development of this field and save it
for later or instead to explore other field development solutions and redo the whole
Integrated Workflow.

Revision of Field Development Solution

The new development solution involves increasing the maximum liquid rates for the
producers to 900 stb/d, water injection rates to 1200 stb/d and the field oil rate plateau to
10000 stbo/d. The advantage in this case is that the ESP pumps should not be changed if
the maximum liquid rate is changed from 500 stb/d to 950 stb/d. In addition to this, eight
low-production oil wells were removed, along with one water injector. Under the new
development solution, the injector–producer ratio is 1:1.25, or four injectors maintaining
five producers. The well economic limits were kept the same to make the two FDP solutions
comparable. The condition of maintaining the field pressure above the bubble pressure
must be satisfied in this case, too. As per the previous case, the field instantaneous VRR is
maintained in the same range of 0.95 to 1.1.

Figure 6 shows the field performance under the new development strategy.
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Figure 6. New Field Development.

Under the current development solution, the field is attaining and maintaining a
plateau of 10,000 stbo/d for almost 1.5 years. At the end of the twelve-year forecast, the
field will produce 18.7 MMstbo, which corresponds to a recovery factor of 28.8%. The total
water produced is 51.8 MMstb and the total injected water is 70.6 MMstb. As was the case
with the previous FDP solution, a supplementary source of water is needed. Half of the
required injection rate will be available from the produced water after 3.8 years.

Figure 7 shows the number of wells to be released annually for the optimized field
development solution.
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Analysing Figure 7, it can be observed that the whole drilling program spans the first
four years, and is aggressive in the second and third year (13 and 14 wells to be drilled and
commissioned). This first and fourth years require the drilling and commissioning of four
and eight wells, respectively.
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At first, the economic model was run with wide ranges for the four assumptions, as
defined in Table 4. The P50 values of the business performance indicators for a “most-likely”
combination are presented in Table 7.

Table 7. Table with Forecast Variables—Alternate Field Development Strategy.

Economic Indicators

Payout Time—POT 60 months Forecast parameter

Internal Rate of
Return—IRR 12.3% %/year Forecast parameter

Business Length 8 years Forecast parameter

Discounted profit at end of
the business (SUM_DCF) 34 mil. USD Forecast parameter

Profit–Investment
Ratio—PI 1.10 Forecast parameter

Total Taxes 234 mil. USD Forecast parameter

Total Taxes on Profit 52 mil. USD Forecast parameter

Total CAPEX 165 mil. USD Forecast parameter

Total OPEX 184 mil. USD Forecast parameter

Total Days 42 days Forecast parameter

Total ESP cost 582 ths USD Forecast parameter

Well cost 1.255 mil. USD Forecast parameter

Once more, oil is produced especially at the beginning of the field development. Even
with large ranges for the four assumptions, the P50 values are showing a profitable solution.

As the next step, the authors prepared the 34 (81) cases—that is, all possible combinations—
as per Table 5. The results can be seen in Table 8.

Table 8. The Profitable Sub-Cases—Alternate Field Development.
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HIGH HIGH LOW LOW 11 52.8% 35 1.99 275 140 185 99 356
HIGH HIGH MED LOW 11 48.7% 36 1.88 259 146 184 96 353
HIGH HIGH LOW MED 11 46.0% 37 1.83 250 151 185 95 355
HIGH HIGH HIGH LOW 11 44.1% 38 1.79 242 155 184 95 353
MED HIGH LOW LOW 9 50.8% 35 1.83 241 142 184 92 335
MED HIGH MED LOW 10 45.7% 37 1.78 233 149 183 92 337
HIGH HIGH MED MED 11 40.2% 39 1.71 231 162 185 95 359
MED HIGH LOW MED 9 43.8% 37 1.70 221 153 184 89 332
HIGH HIGH LOW HIGH 11 38.8% 40 1.66 218 165 186 93 351
MED HIGH HIGH LOW 9 41.9% 38 1.67 215 157 184 89 334
HIGH HIGH HIGH MED 11 35.1% 41 1.59 209 174 183 91 351
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Table 8. Cont.
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MED HIGH MED MED 9 37.6% 39 1.59 199 165 184 88 335
HIGH HIGH MED HIGH 11 32.9% 42 1.55 199 180 185 92 358
MED HIGH LOW HIGH 10 36.9% 40 1.58 197 166 184 88 337
LOW HIGH LOW LOW 8 45.7% 36 1.65 195 145 181 83 307
MED HIGH HIGH MED 9 33.1% 42 1.52 181 175 182 86 336
LOW HIGH LOW MED 9 39.2% 38 1.54 177 155 183 83 311
MED HIGH MED HIGH 9 30.7% 43 1.46 170 182 183 85 338
LOW HIGH MED LOW 8 40.1% 38 1.54 169 152 182 79 300
LOW HIGH MED MED 9 35.3% 40 1.48 169 166 182 82 317
LOW HIGH HIGH LOW 8 36.9% 39 1.50 165 159 181 79 304
HIGH HIGH HIGH HIGH 10 26.3% 46 1.41 162 196 186 86 350
LOW HIGH LOW HIGH 8 32.5% 41 1.42 146 169 182 78 305
MED HIGH HIGH HIGH 10 25.0% 47 1.34 138 197 184 82 335
LOW HIGH HIGH MED 9 29.0% 43 1.36 133 178 182 77 307
LOW HIGH MED HIGH 8 25.4% 45 1.30 114 185 181 74 301
HIGH MED LOW LOW 8 24.0% 46 1.36 99 139 186 60 245
HIGH MED MED LOW 9 20.5% 49 1.28 83 147 185 58 242
LOW HIGH HIGH HIGH 8 19.7% 49 1.20 83 199 181 70 301
MED MED LOW LOW 8 21.7% 47 1.28 77 141 182 57 236
HIGH MED HIGH LOW 9 17.8% 52 1.23 72 155 185 58 245
HIGH MED LOW MED 8 17.6% 52 1.22 67 152 186 56 240
MED MED MED LOW 8 18.8% 51 1.22 67 147 185 55 234
MED MED LOW MED 8 17.0% 52 1.20 61 152 183 55 237
HIGH MED MED MED 9 15.0% 56 1.17 56 163 185 56 244
HIGH MED LOW HIGH 9 14.5% 58 1.16 53 164 185 55 246
MED MED HIGH LOW 8 15.2% 56 1.16 49 156 183 54 234
LOW MED LOW LOW 8 18.0% 51 1.15 46 144 183 52 220
MED MED MED MED 8 12.3% 60 1.10 34 165 184 52 234
MED MED LOW HIGH 8 11.6% 66 1.09 30 166 184 52 233
LOW MED MED LOW 7 14.6% 56 1.09 28 152 181 50 218
HIGH MED HIGH MED 8 10.5% 66 1.08 28 175 185 53 241
LOW MED LOW MED 8 13.1% 60 1.09 26 154 182 49 218
LOW MED HIGH LOW 7 11.1% 68 1.05 17 159 182 48 216
HIGH MED MED HIGH 8 8.5% 80 1.04 16 181 185 51 240
MED MED HIGH MED 8 9.3% 81 1.04 14 175 184 51 237
LOW MED MED MED 7 8.6% 86 1.02 6 167 182 48 219

Comparing Tables 6 and 8, it can be observed that there are 47 (58%) profitable sub-
cases. The encouraging aspect is that 20 (25%) sub-cases are based on a medium oil price
interval. This makes the field development revised solution more attractive than the first
proposed solution.

The workflow is not intended to be or to run as an optimizer. It does not consider
maximizing or minimizing a forecast parameter, targeting one or more variables. Both
the probabilistic economic model and the workflow are constructed to identify the input
variables with the greatest influence on the forecast variables. If any of the input variables
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are defined with wide variation limits, by using the workflow, these limits can be divided
into smaller intervals, resulting in several economic models, as combinations. Through
individual assessment of each combination and by analysing the results, the user can better
understand which combinations are profitable and under what conditions, and so decide
the measures that will need to be taken.

5. Conclusions

Two ideas related to risk management in the oil industry were used:

- (1) The analysis was performed for the upstream sector, in exploration and production
portfolio management, in order to quantify the risk for each asset but also based on
the interaction between assets. In this case, the asset refers to a well-defined oil field;

- (2) Risk analysis aimed at integrating specific tools and corporate metrics (such as
Net present value—NPV; Discounted cash flow return—DCF; Internal rate of return—
IRR; Return of investment—ROI) in order to forecast the cumulative cash flow from a
project and to inform a specific planning and decision process, with the aim of creating
a long-term plan that can be used to forecast capital requirements for at least five years,
the planning horizon matching the 12-year period for the asset under evaluation.

Analyzing the previous sections, it can be observed that main objective of the authors—
to develop a risk management framework for the purpose of the economic performance
analysis of a hydrocarbon field—was successfully achieved. The core part of this framework
is a workflow (generic algorithm) which integrates petroleum engineering and petroleum
economics. The workflow, called Integrated Workflow, is a partially automated and
highly flexible method for evaluating probabilistically the economic performance of a
hydrocarbon field development’s proposed solution. The Integrated Workflow (acting as a
generic algorithm) is designed to be practical by addressing the real needs of oil and gas
professionals, to be easy to use and easy to be repeated from one project to another.

The probabilistic economic model, designed and constructed by the authors, is highly
complex (involving seventy-eight assumptions and twelve forecast variables) and was
developed in Microsoft Excel using the worldwide industry-recognized probabilistic engine
Oracle Crystal Ball.

The first field development solution (SOL_01) looks as though it is going to show
negative most likely case (P50) profitability due to the relatively large limits of the four
main influencers on profitability (cumulative DCF): oil price, drilling time, daily drilling
rig cost, minimum water cut triggering the installation of artificial lift system (ESP).

Applying Integrated Workflow and setting up three subintervals of the four main
influencers enumerated above, it has been observed that first field development solution
was profitable only if the oil price limits corresponded to interval HIGH (60–80 USD/stbo).
During the 6 1/2 years (January 2015–June 2021) of oil price evolution history, oil prices
above 60 USD/stbo were recorded only in 2018 and in the last three months of the first
semester of 2021 (April–June).

This aspect revealed the importance of revising the field development solution and
deriving the SOL_02 development case. The revision consisted in increasing the field oil
rate plateau from 6500 stbo/d to 10,000 stbo/d by increasing the maximum produced liquid
rate from 500 stb/d to 900 stb/d, by increasing the water injection rate from 1200 stbw/d
to 1500 stbw/d and reducing the number of producing wells from 29 to 21 (eliminating the
low performers) and the number of water injectors from 18 to 17 by stopping injectors that
no longer provide support to producers.

The results were very promising: 58% of the total cases (81 cases in total) were
profitable and 25% based on medium oil price range (MED interval 40–60 USD/stbo)
were profitable.

To conclude, it can be stated that Integrated Workflow (as a useful tool for opti-
mization of decisions regarding investments) proved to be very reliable, easy to use and
easy to reapply. Based on the proposed framework, this workflow can be considered a
great success.
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This paper has aimed to focus on and fulfill several important goals:

- Utilize a probabilistic economic model to determine the profitability of a development
solution for a green field. The method can be adjusted to evaluate the profitability of
rehabilitation of a mature oil field;

- Identify the main parameters influencing the main economic indicators;
- Treat the wide ranges of variation shown by the main influencing parameters. For

example, the crude oil price per barrel is one of the most influential parameters on
Discounted Cash Flow. Initially, the crude oil price is defined to vary from 20 to
80 USD/stbo. These limits are too wide to derive a reliable conclusion about the role
played by the oil price, thus the initial interval was split into three intervals;

- Provide a decision tool, as a workflow, to find the decisions that will drive a profitable
field development solution.

In its present form, the Integrated Workflow is stable and error free. It was extensively
tested to identify possible errors, and all the errors that were encountered were corrected.
The authors are considering ways to further develop both the probabilistic economic model
and the Integrated Workflow.

The directions of development for the probabilistic economic model are related to the
various development solutions (gas injection, other artificial lift solutions, multiple well
types (slant, high angles, horizontals, palm drilling, etc.)), different reservoir types (gas, oil
with primary gas cap, condensate gas), diverse field location (on shore, offshore, remote
locations, etc.) and by adding supplementary risks factors (H2S and NORM occurrences,
political and regional factors, etc.).

The workflow can be improved by adding more subintervals for the most influential
parameters and distribution types. Changing the numbers of subintervals from three to four
will generate 44 (256) cases. Another direction for development will be to make the interface
that is controlling the cases generator, submissions and results reader more user-friendly.
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