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cally viable reservoirs, technology and oil price. 
Even at the development and production stage 
the engineering parameters embody a high level of 
uncertainties in relation to their critical variables 
(infrastructure, production schedule, quality of 
oil, operational costs, reservoir characteristics etc.). 
These uncertainties originated from geological 
models and coupled with economic and engineer-
ing models involve high-risk decision scenarios, 
with no guarantee of successfully discovering and 
developing hydrocarbons resources.

Corporate managers continuously face impor-
tant decisions regarding the allocation of scarce 
resources among investments that are character-
ized by substantial geological and financial risk. 
For instance, in the petroleum industry, managers 
are increasingly using decision analysis techniques 
to aid in making these decisions. In this sense, the 
petroleum industry is a classic case of uncertainty 
in decision-making; it provides an ideal setting 
for the investigation of corporate risk behavior 
and its effects on the firm’s performance. The 
wildcat drilling decision has long been a typical 
example of the application of decision analysis in 
classical textbooks.

Future trends in oil resource availability will 
depend largely on the balance between the out-
come of the cost-increasing effects of depletion 
and the cost-reducing effects of new technology. 
Based upon that scenario, new forms of reservoir 
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Introduction

Exploration and production of hydrocarbons1 
is a high-risk venture. Geological concepts are un-
certain with respect to structure, reservoir seal, and 
hydrocarbon charge. On the other hand, economic 
evaluations have uncertainties related to costs, 
probability of finding and producing economi-
1  Exploration and production of hydrocarbons in this paper encompass all 

the activities, such as: basin and play analysis, leads, prospect evaluation, 
development stages, facilities, logistics, management, etc.

Uncertainty and Risk Analysis in Petroleum 
Exploration and Production

Saul B. Suslick
UNICAMP, Institute of Geosciences and Center of 
Petroleum Studies
Denis Schiozer
UNICAMP, Department of Petroleum Engineering 
(FEM) and Center for Petroleum Studies – denis@
dep.fem.unicamp.br
Monica Rebelo Rodriguez
PETROBRAS, Science and Petroleum Engineering 
Graduate Program – FEM/IG 

THEMATIC CONTRIBUTION



TERRÆ 6(1):30-41, 2009

31

Suslick, S.B., Schiozer, D., Rodriguez, M.R.

pricing and resource allocation in large monopolis-
tic enterprises. Allais’ work was a useful means or 
preview to demonstrate Monte Carlo methods of 
computer simulation and how they might be used 
to perform complex probability analysis, instead of 
simplifications of risk estimation of large areas. 

During this period, there were several attempts 
to define resource level probabilities at various stag-
es of exploration in a basin using resource distribu-
tion and risk analysis (Kaufman, 1963; Krumbein 
and Graybill, 1965; Drew, 1967; Harbaugh et al., 
1977; Harris, 1984; Harbaugh, 1984, Harris 1990). 
At that time governmental agencies (U.S. Geologi-
cal Survey, Institut Français du Pétrole, etc.) were 
also beginning to employ risk analysis in periodic 
appraisals of oil and gas resources (Figure 1).

During the 1980’s and 1990’s, new statistical 
methods were applied using several risk estimation 
techniques such as: (1) lognormal risk resource 
distribution (Attanasi and Drew, 1985), (2) Pareto 
distribution applied to petroleum field-size data 
in a play (Crovelli, 1995) and (3) fractal normal 
percentage (Crovelli et al., 1997). Recently, USGS 
has developed several mathematical models for 
undiscovered petroleum resource assessment (Ahl-
brandt and Klett, 2005) and forecast reserve growth 
of fields both in the United States (U.S.) and the 
world (Klett, 2005). 

Throughout 1960’s, the concepts of risk analy-
sis methods were more restricted to academia and 
were quite new to the petroleum industry when 
contributions appeared from Grayson (1960), Arps 
and Arps (1974), Newendorp (1975, edited as Ne-
wendorp and Schuyler, 2000) and Megill (1977). 
Newendorp (op.cit.) emphasized that decision 
analysis does not eliminate or reduce risk and will 
not replace professional judgment of geoscientists, 
engineers, and managers. Thus, one objective of 
decision analysis methods, as will be discussed later 
in this paper, is to provide a strategy to minimize 
the exposure of petroleum projects to risk and un-
certainty in petroleum exploration ventures.

The assessment to risk model preferences of 
decision makers can be achieved using a utility 
function provided by Utility Theory. If companies 
make their decisions rationally and consistently, 
then their implied risk behaviors can be described 
by the parameters of a utility function. Despite 
Bernoulli’s attempt in the 18th century to quantify 
an individual’s financial preferences, the param-
eters of the utility function were formalized only 

exploitation and management will appear where 
the contributions of risk and decision models are 
one of the important ingredients. This trend can 
be seen in the last two decades. The new inter-
nationally focused exploration and production 
strategies were driven in part by rapidly evolving 
new technologies. Technological advances allowed 
exploration in well-established basins as well as 
in new frontier zones such as ultra-deep water. 
Those technology-driven international explora-
tion and production strategies combined with new 
and unique strategic elements where risk analysis 
and decision models represent important compo-
nents of a series of investment decisions.

This paper covers a brief review of previous 
applications involving the following topics: (1) 
Risk and Decision Analysis in Petroleum Explo-
ration; (2) Field Appraisal and Development, and 
Uncertainty in Production Forecasts, (3) the De-
cision Making Process and Value of Information 
and (4) Portfolio Management and Valuation Op-
tion Approach. This paper describes some of the 
main trends and challenges and presents a discus-
sion of methodologies that affect the present level 
of risk applied to the petroleum industry aimed at 
improving the decision-making process. 

Risk Analysis: Exploration

The historical origins of decision analysis can 
be partially traced to mathematical studies of prob-
abilities in the 17th and 18th centuries by Pascal, 
Laplace, and Bernoulli. However, the applications 
of these concepts in business and general man-
agement appeared only after the Second World 
War (Covello and Mumpower, 1985; Bernstein, 
1996). The problem involving decision-making 
when there are conditions of risk and uncertainty 
has been notorious since the beginnings of the 
oil industry. Early attempts to define risk were 
informal.

The study by Allais (1956) on the economic 
feasibility of exploring the Algerian Sahara is a clas-
sic example because it is the first study in which the 
economics and risk of exploration were formally 
analyzed through the use of the probability theory 
and an explicit modeling of the sequential stages 
of exploration. Allais was a French economist who 
was awarded the Nobel Prize in Economics in 1988 
for his development of principles to guide efficient 
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jectives and risk policy into the investment choices 
was made by Walls (1995) for oil and gas compa-
nies using the multi-attribute utility methodology 
(MAUT). Walls and Dyer (1996) employed the 
MAUT approach to investigate changes in corpo-
rate risk propensity with respect to changes in firm 
size in the petroleum industry. Nepomuceno Fo et 
al. (1999) and Suslick and Furtado (2001) applied 
the MAUT models to measure technological prog-
ress, environmental constraints as well as financial 
performance associated with exploration and pro-
duction projects located in offshore deep waters.

More recently, several contributions devise 
petroleum exploration consisting of a series of 
investment decisions on whether to acquire addi-
tional technical data or additional petroleum assets 
(Rose, 1987). Based upon these premises explora-
tion could be seen as a series of investment deci-
sions made under decreasing uncertainty where 
every exploration decision involves considerations 
of both risk and uncertainty (Rose, 1992). These 
aspects lead to a substantial variation in what is 
meant by risk and uncertainty. Some authors such 
as Knight (1921) make a distinction between risk 

300 hundred years later by von Neumann and 
Morgenstern (1953) in modern Utility Theory. 
This seminal work resulted in a theory specifying 
how rational individuals should make decisions 
in uncertain conditions. The theory includes a set 
of axioms of rationality that form the theoretical 
basis of decision analysis. Descriptions of this full 
set of axioms and detailed explanations of decision 
theory are found in Savage (1954), Pratt (1964), and 
Schailfer (1969). Cozzolino (1977) used an expo-
nential utility function in petroleum exploration to 
express the certainty equivalent that is equal to the 
expected value minus a risk discount, known as the 
risk premium. Acceptance of the exponential form 
of risk aversion leads to the characterization of risk 
preference (risk aversion coefficient), which mea-
sures the curvature of the utility function. Lerche 
and MacKay (1999) showed a more comprehen-
sible form of risk tolerance that could intuitively 
be seen as the threshold value, whose anticipated 
loss is unacceptable to the decision maker or to 
the corporation.

An important contribution that provides rich 
insight into the effects of integrating corporate ob-
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Figure 1 – Petroleum Resource Classification Scheme (modified from Ross, 2004 and SPE/WPC/AAPG, 2000)
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without significant precision loss. Simplifications 
are possible, for instance, in the modeling tool, 
treatment of attributes and in the way several types 
of uncertainties are integrated.

One of the simplest approaches is to work with 
the recovery factor (RF) that can be obtained from 
analytical procedures, empirical correlations or pre-
vious simulation runs, as presented by Salomão and 
Grell (2001). When higher precision is necessary, or 
when the rate of recovery significantly affects the 
economic evaluation of the field, using only the 
expected recovery factor may not be sufficient.

Techniques such as experimental design, re-
sponse surface methods and proxy models have 
been used by several authors (Damsleth et al., 1991; 
Dejean, 1999; Ligero et al., 2007) in order to accel-
erate the process. Another possible approach is to 
use faster models such as a streamline simulation or 
a fast coarse grid simulation as proposed by Hast-
ings et al. (2001), Ballin et al. (1993), Subbey and 
Christie (2003), and Ligero et al. (2003).

The integration of risk analysis into the defini-
tion of production strategy can also be very time 
consuming because several alternatives are possible 
and restrictions have to be considered. Alternatives 
may vary significantly according to the possible sce-
narios. Schiozer et al. (2004) proposed an approach 
to integrate geological and economic uncertainties 
with production strategy using geological represen-
tative models to avoid large computational effort.

Integration is necessary in order to (1) quan-
tify the impact of decisions on the risk of the 
projects, (2) calculate the value of information, as 
proposed by Demirmen (2001) and (3) quantify 
the value of flexibility (Begg and Bratvold, 2002; 
Hayashi et al., 2007). The understanding of these 
concepts is important to correctly investigate the 
best way to perform risk mitigation and to add 
value to E&P projects.

Therefore, risk analysis applied to the ap-
praisal and development phase is a complex is-
sue and it is no longer sufficient to quantify risk. 
Techniques today are pointing to: (1) quantifica-
tion of value of information and flexibility, (2) 
optimization of production under uncertainty, 
(3) mitigation of risk and (4) treatment of risk 
as an opportunity. All these issues are becoming 
possible due to hardware and software advances, 
allowing an increasing number of simulation 
runs of reservoir models with higher complexity 
(Gorell and Basset, 2001).

(where probabilities are known) and uncertainty 
(where one is unable to assign probabilities) fo-
cusing their analysis on uncertainty. Meanwhile, 
Megil (1977) considered risk an opportunity for 
loss. Risk considerations involve size of investment 
with regard to budget, potential gain or loss, and 
probability of outcome. Uncertainty refers to the 
range of probabilities in which some conditions 
may exist or occur.

Rose (2001) pointed out that each decision 
should allow a progressively clearer perception of 
project risk and exploration performance that can 
be improved through a constructive analysis of geo-
technical predictions, review of exploration tactics 
versus declared strategy, and year-to-year compari-
son of exploration performance parameters. These 
findings showed the importance of assessing the 
risk behavior of firms and managerial risk attitudes. 
Continued monitoring of the firm’s level of risk 
aversion is necessary due to the changing corporate 
and industry environment as well as the enormous 
contribution generated by technological develop-
ment in E&P. Over any given budgetary period, 
utilization of an established risk aversion level will 
result in consistent and improved decision making 
with respect to risk.

Risk Analysis: Field Appraisal and Development 

During the exploration phase, major uncertain-
ties are related to volumes in place and economics. 
As the level of information increases, these uncer-
tainties are mitigated and, consequently, the im-
portance of the uncertainties related to technology 
and recovery factor increases. The situation is more 
critical in offshore fields and for heavy-oil reser-
voirs, where investments are higher and there is a 
lower operational flexibility (Pinto et al., 2001).

In the preparation of development plans, field 
management decisions are complex issues because 
of (1) the number and type of decisions, (2) the 
great effort required to predict production with 
the necessary accuracy and (3) the dependency of 
production strategy definition on several types of 
uncertainty with significant impact on risk quan-
tification.

In order to avoid excessive computation effort, 
some simplifications are always necessary. The key 
point is to define the simplifications and assump-
tions that can be made to improve performance 
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expected benefit greater than the cost of informa-
tion. The information is seldom perfectly reliable 
and generally it does not eliminate uncertainty, 
so the value of information depends on both the 
amount of uncertainty (or the prior knowledge 
available) and payoffs involved in E&P projects. 
The value of information can be determined and 
compared to its actual cost and the natural path to 
evaluate the incorporation of this new data is by 
Bayesian analysis.

As the level of information increases, the de-
cision making process becomes more complex 
because of the need for (1) more accurate predic-
tion of field performance and (2) integration with 
production strategy. At this point, the concept of 
Value of Information (VoI) must be integrated with 
the Value of Flexibility (VoF) as shown by Hayashi 
et al. (2007). Therefore, risk may be mitigated by 
more information or flexibility in the produc-
tion strategy definition. Reservoir development 
by stages and smart wells are good examples of 
investments in flexibility. The decision to invest 
in information or flexibility is becoming easier as 
more robust methodologies to quantify VoI and 
VoF are developed. 

Risk Mitigation through History Matching 

The integration of risk analysis and production 
history matching is also a subject that has recently 
been receiving special attention (Schiozer et al., 
2005; Maschio et al., 2005; Suzuki and Caers, 2006; 
MA et al., 2006; Kashib and Srinivasan, 2006). 
The general idea is to integrate the processes of 
reservoir development when uncertainties exist 
and the reservoir management process in order to 
mitigate risk gradually as production is observed 
and used to reduce uncertainties in geologic attri-
butes. This type of procedure has a great potential 
of improvement as new tools are being developed 
to speed up the process, which requires high com-
putational effort.

Portfolio Management and the Real Options 
Valuations 

Asset managers in the oil and gas industry 
are looking to new techniques such as portfolio 
management to determine the optimum diversi-

Decision Making Process, Value of Informa-
tion and Flexibility

Making important decisions in the petroleum 
industry requires incorporation of major uncer-
tainties, long time horizons, multiple alternatives, 
and complex value issues into the decision model. 
Decision analysis can be defined on different 
and embedded levels in petroleum exploration 
and production stages. Raiffa (1968) and Keeney 
(1982) defined decision analysis as a philosophy, 
articulated by a set of logical axioms, and a meth-
odology and collection of systematic procedures, 
based upon those axioms, for responsibly analyzing 
the complexities inherent in decision problems. 
Several textbooks can be found in Raiffa, 1968; 
Keeney, 1982; Keeney and Raifa, 1976; Howard, 
1988; Kirkwood, 1996, and Clemen, 1990. In the 
last two decades, the theoretical and methodologi-
cal literature on various aspects of decision analysis 
has grown substantially in many areas of petroleum 
sector, especially in applications involving health, 
safety, and environmental risk.

Many complex E&P decision problems involve 
multiple conflicting objectives. Under these cir-
cumstances, managers have a growing need to em-
ploy improved and systematic decision processes 
that explicitly embody the firm’s objectives, desired 
goals, and resource constraints. Over the last two 
decades, the advances in computer-aided decision 
making processes have provided a mechanism to 
improve the quality of decision making in the mod-
ern petroleum industry. Walls (1996) developed 
a decision support model that combines toolbox 
system components to provide a comprehensive 
approach to petroleum exploration planning from 
geological development through the capital alloca-
tion process.

 An effective way to express uncertainty is 
to formulate a range of values, with confidence 
levels assigned to numbers comprising the range. 
Although geoscientists and engineers may be 
willing to make predictions about unknown E&P 
situations, there is a need to assess the level of 
uncertainty of the projects. So, it’s necessary to 
define the value of information associated with 
important decisions such as deferring drilling of a 
geologic prospect or seismic survey. Information 
only has value in a decision problem if it results in 
a change in some action to be taken by a decision 
maker. Furthermore, this change must bring an 
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cation based on a clear distinction between project 
maturity and volumetric uncertainties.

fied portfolio that will increase company value 
and reduce risk. Under this approach employed 
extensively in financial markets, projects are se-
lected based upon quantitative information on their 
contribution to the company’s long-term strategy 
and how they interact with the other projects in the 
portfolio. The financial market and efficient port-
folio theory was proposed by Markowitz (1952), 
winner of the 1990 Nobel Prize in Economics. 
This work has been adapted for the petroleum 
industry. A portfolio is said to be efficient if no 
other portfolio has more value while having less 
or equal risk, and if no other portfolio has less risk 
while having equal or greater value. The most 
important principle in portfolio analysis theory is 
that the emphasis must be placed on the interplay 
among the projects (Ball and Savage, 1999). The 
original idea states that a portfolio can be worth 
more or less than the sum of its component projects 
and there is not one best portfolio, but a family of 
optimal portfolios that achieve a balance between 
risk and value.

As the number of project opportunities grows, 
the petroleum industry is faced with an increasingly 
difficult task in selecting an ideal set of portfolios. 
Figure 2 pointed out the complexity of integration 
of geological, engineering, economic, and fiscal 
modeling - all in the context of the firm’s strategic 
objectives.

Mathematical search and optimization algo-
rithms can greatly simplify the planning process. 
A particularly well-suited class of algorithms has 
been developed recently for oil and gas applica-
tions in portfolio management (Davidson and 
Davies, 1995; Chorn and Croft, 1998; Orman and 
Duggan, 1998; Fichter, 2000; Back, 2001; Erdo-
gan and Mudford, 2001; Garcia and Holtz, 2003). 
Combined optimal portfolio management with 
probabilistic risk-analysis methodology are thus 
helping to guide managers in evaluating a portfolio 
of E&P projects, not just according to their value, 
but also by their inherent risk. Knowing the firm’s 
attitude about taking financial risk is important in 
terms of selecting the appropriate portfolio of ac-
tivities. These linkages between decision analysis 
and portfolio management can improve the overall 
decision process, and ultimately, firm performance 
as pointed out by Walls (2004). Ross (2004) pro-
vided a better characterization of a portfolio of oil 
and gas assets using a consistent definition of risk 
and uncertainty, combined with resource classifi-

For several decades in the petroleum industry, 
the most common form of asset valuation has been 
the standard discounted cash-flow (DCF) analysis 
(Figure 3). However, over the past few years, an 
increasing number of institutions and organizations 
have been experimenting with other valuation ap-
proaches to overcome some limitations imposed 
by the DCF approach. The real options approach 
is appealing because exploration and production 
of hydrocarbons typically involve several decision 
stages, each one with an investment schedule and 
with associated success and failure probabilities. 
For example, in the exploration phase the project 
can be viewed as an infinitely compounded option 
that may be continuously exercised as the explora-
tion investment is undertaken. Traditional methods 
based upon discounted cash flow, reported in the 
finance literature, are always supported by static 
assumptions – no mention about the value of em-
bodied managerial options. Kester (1984) was the 
first to recognize the value of this flexibility. Mason 
and Merton (1985), and Myers (1987), among oth-
ers, suggested the use of option-based techniques 
to value implicit managerial flexibility in invest-
ment opportunities, such as those of abandonment 
reactivation, mothballing and timing.
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Figure 2 – Integrated decision process and portfolio 
optimization for E&P projects
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Monte Carlo simulation in petroleum applications. 
Laughton (1998) found that although oil prospect 
value increases with both oil price and reserve size 
uncertainties, oil price uncertainty delays all op-
tion exercises (from exploration to abandonment), 
whereas exploration and delineation occur sooner 
with reserve size uncertainty. Chorn and Croft 
(2000) studied the value of reservoir information.

Armstrong et al. (2004) developed a type of 
Bayesian analysis and coupled it with real options 
theory to address the question of how to evaluate 
the option to acquire more information. The re-
sults applied in the case of an oil company that has 
the option to gather information from the produc-
tion logging tool before carrying out a workover, 
for example, showed that the value of the option 
was less under conditions of high oil prices than 
for lower oil prices. Dias (2004) presented a set of 
selected real options models to evaluate invest-
ments in oil exploration and production under 
market and technical uncertainties. In his paper, 
the author summarized the classical model of 
Paddock, Siegel and Smith that exploits a simple 
analogy between American call options and real 
options model for oilfield development. 

Some important earlier real options models 
in natural resources include Tourinho (1979), 
first to evaluate oil reserves using option-pricing 
techniques. Brennan and Schwartz (1985) applied 
option techniques to evaluate irreversible natural 
resource assets and McDonald and Siegel (1985) de-
veloped similar concepts for managerial flexibility. 
An important aspect of the majority of exploration 
and production projects is the value of waiting until 
new options may emerged (i.e., technology, price, 
cost reduction) has been modeling by McDonald 
and Siegel (1986). After real options theory became 
widely accepted in financial markets, applications 
in the oil industry followed rapidly. Siegel et al. 
(1987) and Paddock et al. (1988) evaluated offshore 
oil leases. By the mid 1990’s, several textbooks had 
been published (Dixit and Pindyck, 1994; Trigeor-
gis, 1996; and Luenberger, 1998) and the range of 
applications had widened to include applications 
in several economic sectors. Bjerksund and Ekern 
(1990) showed that it is possible to ignore both 
temporary stopping and abandonment options in 
the presence of the option to delay the investment 
for initial oilfield development purposes. Galli et 
al. (1999) discussed real options, decision-tree and 

Figure 3 – A typical E&P cash-flow project based upon the Brazil Fiscal System (Suslick, 2005)
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in corporate culture, operating values and tactics, 
and the reward system.

Risk analysis has several limitations, pitfalls 
and practical difficulties that affect its value as a 
decision tool. In some cases, these limitations are 
due less to inherent limitations in decision analysis 
than to deficiencies in specific applications of the 
approach in upstream petroleum projects. There is 
a need to understand how most effectively to model 
project level risks, whether they are those that affect 
output possibilities or those that directly influence 
costs. At the same time, this trend generates a need 
to fine-tune risk analysis methods by finding out 
how to use more discretization without intolerable 
loss of accuracy yielding a search for a next genera-
tion of tools for more complex simulation models. 
These developments will stimulate new progress 
as better models and methods make the analytical 
tools more flexible and accurate, and thus more 
attractive. This will increase the demand for the 
development of better risk and decision analysis 
software and training tools, the development of 
which will make the analyses more attractive and 
will encourage the development of better models 
and methods.

Most of the methodologies described in this pa-
per are applied to geological and economic uncer-
tainties which are the most important parameters of 
the process; however, there is still need for research 
on dealing with operational and technology uncer-
tainties and also for better reservoir characterization 
procedures when uncertainties exist.

Despite these limitations and difficulties, risk 
analysis has several major strengths and achieve-
ments in petroleum exploration and production, 
as has been shown in this paper. First, risk analysis 
provides a means for handling highly complex deci-
sions characterized by multiple objectives and high 
degrees of uncertainty in diverse stages of petro-
leum upstream. Second, risk analysis provides an 
approach for dealing with complex value tradeoff 
and preferences of the stakeholders in the decision 
process in oil exploration and production. Third, 
risk analysis provides a systematic and comprehen-
sive way for considering all relevant factors in E&P 
process decision.

Currently unknown technologies can be ex-
pected to be available for future exploitation of oil 
resources in new frontiers (especially ultra-deep 
water and heavy oil) with important impacts on 
risk mitigation and economics. While the timing 

In oil project valuation and investment deci-
sion-making, volatility is a key parameter, but it is 
difficult to estimate. From a traditional investment 
viewpoint, volatility reduces project value because 
it increases its discount rate via a higher risk pre-
mium. Contrarily, according to the real-option 
pricing theory, volatility may aggregate value to 
the project, since the downside potential is limited 
whereas the upside is theoretically unbounded. 
Costa Lima and Suslick (2006) suggest an alterna-
tive numerical method based on present value of 
future cash flows and Monte Carlo simulation to 
estimate the volatility of projects. Results obtained 
indicate that commodity volatility usually under-
values that of the project. For the set of offshore 
projects analyzed by the authors, project volatility 
is at least 79% higher than that of oil prices and 
increases dramatically in those cases of high capital 
expenditures and low price.

General Discussion

Over the coming decades, the world will 
continue to rely heavily on large-scale supplies 
of oil and gas. As the industry moves on to more 
and more “difficult” oil and gas deposits, the pace 
of technological progress will need to accelerate 
significantly if past production trends are to be 
maintained. So, decisions related to petroleum 
exploration and production are becoming very 
complex because of the high number of issues 
involved in the process. However, concepts of 
risk analysis applied to exploration, appraisal and 
development phases are becoming more popular 
as new hardware and software advances appear. 
New methodologies are being developed to help 
to mitigate risk, and the academic and industrial 
sectors are substantially contributing to improve 
the overall process.

Most organizations have settled on using con-
sistent risk analysis procedures to assess all E&P 
projects. Some oil companies have developed their 
own risk analysis software and algorithms. Other 
companies have licensed customized software from 
several different vendors or consulting firms. An 
important result of this trend is that geological, 
technical and economic parameters can be pre-
served, thus facilitating subsequent project review 
for purposes of performance analysis. According to 
Rose (2001) this provokes some inevitable changes 
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Bernstein, P.L. 1996. Against the Gods: The remark-
able story of risk. John Wiley & Sons, New York, 
400 p.

Bjerksund, P., Ekern S. 1990. Managing investment 
opportunities under price uncertainty: from last 
chance to wait and see strategies. Financial Man-
agement, 19 (3), Autumn, p. 65-83.

Brennan, M.J., Schwartz, E.S. 1985. Evaluating natu-
ral resource investment. Journal of Business, 58 
(2), p. 135-157.

Chorn, L.G., Croft, M. 1998. Resolving reservoir 
uncertainty to create value. SPE 49094, SPE An-
nual Technical Conference and Exhibition, 27-30 
September, New Orleans, Louisiana, 13 p.

Chorn, L.G., Croft, M. 2000. Resolving reservoir 
uncertainty to create value resolving reservoir 
uncertainty to create value. Journal of Petroleum 
Technology, v.52, n.8, August, p.52-59.

Clemen, R.T. 1990. Making hard decision: an introduc-
tion to decisions analysis. Belmont: Duxbury Press, 
557 p.

Costa Lima, G.A, Suslick, S.B. 2006. Estimation of 
volatility of selected oil production projects (in 
press).

Covello, V., Mumpower, J. 1985. Risk Analysis and 
Risk Management: An Historical Perspective. 
Risk Analysis, 5, p. 103-120.

Cozzolino, J. 1977. A simplified utility framework for 
the analysis of financial risk. Economics and Eval-
uation Symposium of the Society of Petroleum 
Engineers, Paper 6359, Dallas, Texas, 10 p.

Crovelli, R.A. 1995. The generalized 20/80 law us-
ing probabilistic fractals applied to petroleum 
field size. Nonrenewable Resources, v.4, n.3, p. 
233-241.

Crovelli, R.A., Schmoker, J.W., Balay, R.H. 1997. U.S. 
Department of Interior U.S. Geological Survey: 
Fractal lognormal percentage analysis of the U.S. 
Geological Survey’s 1995 National Assessment 
of Conventional Oil and Gas Resources. Non-
renewable Resources, v.6, n.1, p. 43-51.

Damsleth, E., Hage, A., Hydro, N., Volden, R. 1991. 
Maximum information at minimum cost – a 
North Sea Field Development Study using ex-
perimental design. Offshore Europe Conference, 
SPE 23139, Aberdeen, Scotland.

Davidson, L.B., Davies, J.E. 1995. Simple, effective 
models for evaluating portfolios of exploration 
and production projects. In: SPE Annual Tech-
nical Conference and Exhibition, SPE 30669, 
Houston, Texas, October, p.325-332.

and frequency of these yet unknown technologies 
are speculative, longer trend cycles favor the use 
of technological risk models. Recently obtained 
results indicate that the technological progress for 
these new environments can be used to measure 
the firm’s strategic decision for technological risk 
aversion as well as ranking projects with several 
technological characteristics.

Acknowledgments

The authors would like to thank the support 
of CNPq, CEPETRO/UNICAMP, and PETRO-
BRAS. 

References

Allais, M. 1956. Évaluation des perspectives 
économiques de la recherche minière sur de 
grands espaces - application au Sahara Algérien. 
Revue de l’Industrie Minérale, Paris, January, p. 
329-383.

Ahlbrandt, T.S., Klett, T.R. 2005. Comparison of 
methods used to estimate conventional undiscov-
ered petroleum resources: world examples. Natu-
ral Resources Research, v.14, n.3, p. 187-210.

Armstrong, M., Galli, A., Bailey, W., Couët, B. 2004. 
Incorporating technical uncertainty in real option 
valuation of oil projects. Journal of Petroleum Sci-
ence and Eng., v.44, n.1-2, p. 67-82. 

Arps, J.J., Arps, J.L. 1974. Prudent risk taking. Journal 
of Petroleum Technology, July, p. 711-716.

Attanasi, E.D., Drew, L.J. 1985. Lognormal field size 
distributions as a consequence of economic trun-
cation. Mathematical Geology, 17, p. 335-351.

Back, M.J. 2001. A discussion on the impact of infor-
mation technology on the capital investment de-
cision process in the petroleum industry. In: SPE 
Annual Technical Conference and Exhibition, 
SPE 71420, New Orleans, Lousiana,13 p.

Ball, B.C., Savage, S.L. 1999. Holistic vs Hole-istic 
E&P strategies, SPE 57701, Journal of Petroleum 
Technology, v.51, n.9, September, p. 74-84.

Ballin, P.R., Aziz, K., Journel, A.G. 1993. Quantifying 
the impact of geological uncertainty on reservoir 
performing forecast. Symposium on Reservoir 
Simulation, SPE 25238, New Orleans, Louisiana, 
February, p. 47-57.



TERRÆ 6(1):30-41, 2009

39

Suslick, S.B., Schiozer, D., Rodriguez, M.R.

Harbaugh, J.W. 1984. Quantitative estimation of 
petroleum prospect outcome probabilities: an 
overview of procedures. Marine and Petroleum 
Geology, 1, November.

Harris, D.P. 1984. Mineral Resources Appraisal: Mineral 
Endowment, Resources and Potential supply: Concepts, 
Methods and Cases. Oxford: Clarendon.

Harris, D.P. 1990. Mineral exploration decisions: A guide 
to economic analysis and modeling. J. Wiley, New 
York, 464 p.

Hastings, J.J., Muggeridge, A.H., Blunt, M.J. 2001. A 
new streamline method for evaluating uncertainty 
in small-scale, two-phase flow properties. SPE 
Reservoir Simulation Symposium, SPE 66349, 
Houston, Texas, 11-14 February, 9 p.

Hayashi, S.H.D., Ligero, E. L., Schiozer, D. J. 2007. 
Decision-making process in development of 
offshore petroleum fields. SPE Latin American 
and Caribbean Petroleum Engineering Confer-
ence, SPE 107737, Buenos Aires, Argentina, 15-
18 April.

Howard, R. 1988. Decision analysis: practice and 
promise. Management Science, v. 34, n.6, p. 
679-695.

Kashib, T., Srinivasan, S. 2006. A probabilistic ap-
proach to integrating dynamic data in reservoir 
models. Journal of Petroleum Science and Engi-
neering, 50 (3-4), p. 241-257.

Kaufman, G.M. 1963. Statistical decision and related tech-
niques in oil and gas exploration. Prentice-Hall, Inc., 
Englewood Cliffs, N.J.

Keeney, R.L. 1982. Decision analysis: an overview. 
Operations Research, n.30, p. 803-808.

Keeney, R.L., Raiffa, H. 1976. Decisions with multiple 
objectives: preferences and value tradeoffs. New York: 
John Wiley & Sons, 501 p.

Kester, W.C. 1984. Today’s options for tomorrow’s 
growth. Havard Business Review, March/April, 
v.62, p. 153-160.

Kirkwood, C.W. 1996. Strategic decision making: mul-
tiobjective decision analysis with spreadsheets. Local: 
Duxbury Press, 345 p.

Klett, T.R. 2005. United States Geological Survey’s 
Reserve-Growth models and their implementa-
tion. Natural Resources Research, v.14, n.3, p. 
249-264.

Knight, F.H. 1921. Risk, uncertainty and profit. Hough-
ton Mifflin, Boston and New York. (Reprinted, 
London School of Economics and Political Sci-
ence, 1948).

Dejean, J.P. 1999. Managing uncertainty on produc-
tion predictions using integrated statistics. An-
nual Technical Conference and Exhibitions, SPE 
56696, Houston, Texas, October, 15 p.

Demirmen, F. 2001. Subsurface appraisal: the road 
from reservoir uncertainty to better econom-
ics. SPE Hydrocarbon Economics and Evalua-
tion Symposium, SPE 68603, Dallas, Texas, 2-3 
April, 7 p.

Dias, M.A.G. 2004. Valuation of exploration and pro-
duction assets: an overview of real options mod-
els: Jour. of Petroleum Science and Eng., v.44, 
n.1-2, p. 93-114. 

Dixit, A., Pyndyck, R. S. 1991. Investment under uncer-
tainty. New Jersey University Press.

Drew, L.J., 1967. Grid-drilling exploration and its ap-
plication to the search for petroleum. Economic 
Geology, v.62, p. 698-710.

Erdogan, M., Mudford, B. 2001. Optimization of 
decision tree and simulation of portfolios: a 
comparison. SPE Hydrocarbon Economics and 
Evaluation Symposium, SPE 68575, Dallas, Texas, 
April, 8 p.

Fichter, D.P. 2000. Application of genetic algorithms 
in portfolio optimization for the oil and gas in-
dustry. In: SPE Annual Technical Conference 
and Exhibition, SPE 62970, Dallas, Texas, Oc-
tober, 8 p.

Galli, A., Armstrong, M., Jehl, B. 1999. Compari-
son of three methods for evaluating oil projects. 
Journal of Petroleum Technology, October, p. 
44-49.

Garcia, J., Holtz, M.H. 2003. Integrated prospect 
portfolio management for 3D seismic volumes 
combining geologic, engineering, and economic 
risk. In: SPE Hydrocarbon Economics and Eval-
uation Symposium, SPE 82017, Dallas, Texas, 
April, 13 p.

Gorell, S., Bassett, R. 2001. Trends in reservoir sim-
ulation: big models, scalable models? Will you 
please make up your mind?. Annual Technical 
Conference and Exhibition, SPE 71596, New 
Orleans, Louisiana, 30 September–3 October, 
14 p.

Grayson, C.J. 1960. Decisions under uncertainty, 
drilling decisions by oil and gas operators. Har-
vard Business School, Division of Research, Bos-
ton, Massachusetts, 402 p.

Harbaugh, J.W., Doveton, J.H., Davis, J.C. 1977. Prob-
ability methods in oil exploration. Wiley-Interscience, 
New York, 284 p.



TERRÆ 6(1):30-41, 2009Suslick, S.B., Schiozer, D., Rodriguez, M.R.

40

Myers, S.C. 1987. Finance theory and finance strat-
egy. Midland Corporate Finance Journal, v.5, 
Spring, p. 6-13.

Nepomuceno Fº, F., Suslick, S.B., Walls, M. 1999. 
Managing technological and financial uncertainty: 
A decision science approach for strategic drilling 
decisions. Natural Resources Research, v.8, n.3, 
p. 193-203. 

Newendorp, P.D. 1975. Decision analysis for petroleum 
exploration. 1st Ed., Pennwell, Tulsa, OK.

Newendorp, P.D., Schuyler, J.R. 2000. Decision analy-
sis for petroleum exploration. 2nd Ed., Planning Press, 
Colorado.

Orman, M., Duggan, T.E. 1999. Applying modern 
portfolio theory to upstream investment decision-
making. SPE Annual Technical Conference and 
Exhibition, SPE 54774, New Orleans, Louisiana, 
27-30 September, p. 50-53.

Paddock, J.L., Siegel, D.R., Smith, J.L. 1988. Op-
tion valuation of claims on real assets: the case of 
offshore petroleum leases. Quarterly Journal of 
Economics, August, p. 479-508.

Pinto, A.C.C., Guedes, S.S., Bruhn, C.H.L., Gomes, 
J.A.T., Sá, A.N., Fagundes Neto, J.R. 2001. Mar-
lim Complex Development: A reservoir engineer-
ing overview. SPE Latin American and Caribbean 
Petroleum Engineering Conference, SPE 69438, 
Buenos Aires, Argentina, March, 15 p.

Pratt, J.W. 1964. Risk aversion in the small and in 
the large, Econometrica, January, v.32, n.1/2, p. 
122-136.

Raiffa, H. 1968. Decision Analysis: Introductory Lec-
tures on Choices Under Uncertainty. Addisson-
Wesley, Reading, MA. 

Rose, P.R. 1987. Dealing with risk and uncertainty in 
exploration: How can we improve?. AAPG Bul-
letin, v.71, n.1, p. 1-16.

Rose, P.R. 1992. Chance of success and its use in petroleum 
exploration. In: Steinmetz, R. ed., The Business 
of Petroleum Exploration. AAPG Treatise of Pe-
troleum Geology – Handbook of Petroleum Ex-
ploration, Chapter 7, p. 71-86. 

Rose, P.R. 2001. Risk analysis and management of 
petroleum exploration ventures. AAPG Methods 
in Exploration, n.12, 178 p.

Ross, J.G. 2004. Risk and uncertainty in portfolio 
characterization: Journal of Petroleum Science 
and Engineers, v.44, n.1-2, p. 41-53. 

Salomão, M.C., Grell, A.P. 2001. Uncertainty in 
production profiles on the basis of geostatistic 

Krumbein, W.C., Graybill, F.A. 1965. An introduction 
to statistical models in geology. McGraw-Hill Book 
Co, New York.

Laughton, D.G. 1998. The management of flexibil-
ity in the upstream petroleum industry. Energy 
Journal, 19(1), January, p. 83-114.

Lerche, I., MacKay, J. 1999. Economic risk in hydrocarbon 
exploration. Academic Press, London, 404 p.220

Ligero, E.L., Maschio, C., Schiozer, D.J. 2003. Quan-
tifying the impact of grid size, upscaling and 
streamline simulation in the risk analysis applied 
to petroleum field development. 17th Reservoir 
Simulation Symposium, SPE 79677, Houston, 
Texas, February, 9 p.

Ligero, E. L., Risso, F.V.A., Schiozer, D.J. 2007. Com-
parison of methodologies to evaluate the risk 
of petroleum fields. SPE Latin American and 
Caribbean Petroleum Engineering Conference, 
SPE 107736, Buenos Aires, Argentina, Abril, p. 
15-18.

Luenberger, G. 1998. Investment science. Stanford Uni-
versity Press.

Ma X., Al-Harbi, M., Datta-Gupta, A., Efendiev, Y. 
2006. A multistage sampling method for rapid 
quantification of uncertainty in history matching 
geological models. SPE Annual Technical Confer-
ence and Exhibition, SPE 102476, San Antonio, 
Texas, September, 15 p. 

Markowitz, H.M. 1952. Portfolio selection. Journal 
of Finance, March, v.VII, n.1, p. 77-91. 

Maschio, C., Schiozer, D.J., Moura Fº, M.A.B. 2005. 
A methodology to quantify the impact of uncer-
tainties in the history matching process and in 
the production forecast. SPE Annual Technical 
Conference and Exhibition, SPE 96613, Dallas, 
Texas, October, 10 p.

Mason S.P., Merton R.C. 1985. The role of contin-
gent claims analysis in corporate finance, in E.I. 
Altman and M.G. Subrahmanyan (eds), Recent 
Advances in Corporate Finance, Richard D. Irwin 
Inc, Homewood Illinois.

McDonald R., Siegel D. 1986. The value of waiting 
to invest. Quarterly Journal of Economics, No-
vember, p. 707-727.

McDonald R., Siegel, D. 1985. Investment and the 
valuation of firms when there is an option of shut 
down. International Economic Review, v.28, n.2, 
June, p. 331-349.

Megill, R.E. 1977. An introduction to risk analysis. The 
Petroleum Publs. Co, Tulsa, OK.



TERRÆ 6(1):30-41, 2009

41

Suslick, S.B., Schiozer, D., Rodriguez, M.R.

Journal of Petroleum Science and Engineering, 
London, v.32, n.2-4, p. 115-125. 

Suzuki S., Caers, J. 2006. History matching with an 
uncertain geological scenario. SPE Annual Tech-
nical Conference and Exhibition, SPE 102154, 
San Antonio, Texas, September, 17 p.

Tourinho, O.A.F. 1979. The valuation of reserves of natu-
ral resources: an option pricing approach. University 
of California, Berkeley, PhD Dissertation, No-
vember, 103 p.

Trigeorgis, L. 1996. Real Options: Managerial Flex-
ibility and Strategy in Resource Allocation, MIT 
Press, 427p.

von Neumann, J., Morgenstern, O. 1953. Theory 
of games and economic behavior. 3rd Ed., Princeton 
University Press, Princeton, NY.

Walls, M.R. 1995. Corporate risk tolerance and capital 
allocation: a practical approach to implementing 
an exploration risk policy. Journal of Petroleum 
Technology, v.47, n.4, p. 307-311.

Walls, M.R. 1996. Developing an Exploration Deci-
sion Support System (EDSS): a strategy for com-
bining information and analytics. Nonrenewable 
Resources, v.5, n.3, p. 181-192.

Walls, M.R., Dyer, J.S. 1996. Risk propensity and firm 
performance: a study of the petroleum explora-
tion industry. Management Science, v. 42, n. 7, 
July, p. 1004-1021.

Walls, M.R. 2004. Combining decision analysis and 
portfolio management to improve project se-
lection in the exploration and production firm. 
Journal of Petroleum Science and Eng., v.44, 
n.1-2, p. 55-65. 

characterization and flow simulation. SPE Latin 
American and Caribbean Petroleum Engineering 
Conference, SPE 69477, Buenos Aires, Argentina, 
March, 6 p.

Savage, L.J. 1954. The foundations of statistics. Wiley, 
New York.

Schailfer, R.O. 1969. Analysis of decisions under uncer-
tainty. McGraw-Hill, New York.

Schiozer, D. J., Ligero, E. L., Suslick, S.B., Costa, 
A.P.A., Santos, J.A.M. 2004. Use of representa-
tive models in the integration of risk analysis and 
production strategy definition. Journal of Petro-
leum Science and Engineering, October, n.1-2, 
v. 44, p. 131-141. 

Schiozer, D.J., Almeida Neto, S.L., Ligero, E.L., Mas-
chio, C. 2005. Integration of history match and 
uncertainty analysis. Journal of Canadian Petro-
leum Technology, Canada, v. 44, n.7, p. 41-47.

Siegel, D.R., Smith, J.L., Paddock, J. L., 1987. Valu-
ing offshore oil properties with option pricing 
models. Midland Corporate Finance Journal, v. 
5, Spring, p. 22-30.

SPE/WPC/AAPG. 2000. Petroleum resources clas-
sification and definitions. Society of petroleum 
Engineers, Richardson, Texas, USA.

Subbey, S., Christie, M., 2003. A strategy for rapid 
quantification of uncertainty in reservoir per-
formance prediction. 17th Reservoir Simulation 
Symposium, SPE79678, Houston, Texas, Febru-
ary, 12 p.

Suslick, S.B., Furtado, R. 2001. Quantifying the value 
of technological, environmental and financial gain 
in decision models for offshore oil exploration. 


