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The Risk-Neutral Decision-Analytic Approach for 
Valuation of Exploration Opportunities  

Babak Jafarizadeh (Heriot-Watt University) 

Abstract 
Exploration of hydrocarbon resources is a costly investment, yet with great odds of ending up with dry 

holes, companies increasingly take on this uncertain venture. Most firms decide which opportunity to drill 

based on the capacity for value creation. However, valuations in practice commonly use a mixture of 

decision analysis and discounting principles that are inherently inconsistent and potentially obscure the 

value–maximizing decisions. For example, the interrelated uncertainties, risks, and risk-adjustments are 

usually disparately represented by experts and aggregated with capital asset pricing models. We discuss 

the shortcomings in current valuation practice and implement a coherent method of risk–neutral valuation 

that, while more detailed, excels in valuation of uncertain investments.  

Keywords: Investment Decision Analysis, Valuation, Oil and Gas Industry Application, Real Options 

1. Introduction 
Hydrocarbon exploration is a growth–option that could generate value in the future. While most 

companies are aware of its strategic importance, few have valuation procedures that provide the parity for 

decision making amongst the competing opportunities. The decision alternatives usually differ in 

geological, technical, and commercial uncertainties; yet through a company–wide unified valuation 

scheme, they are projected on a scale of “expected net present value” believed to capture the essence of 

their economic consequences. In this paper, we discuss that some of the assumptions behind these 

calculations can be at best questionable and could result in misleading recommendations.  

We commonly evaluate projects by discounting their forecasted cash flows using the company’s 

Weighted Average Cost of Capital (WACC). This discount rate accounts for the risk and return 

characteristics of the company, with its existing assets and forthcoming projects, and the cost of 

borrowing money to run these activities (Modigliani and Miller, 1958). When applying Capital Asset 

Pricing model (CAPM) to estimate the company’s risk premium, WACC becomes an average measure for 

cost of equity and financing across the organization1. Nonetheless, using WACC for discounting a 

project’s cash flows with a different risk profile from the rest of the projects in the company’s portfolio, 

could result in disagreeing values (as pointed out by Arditti, 1973, and Myers, 1974, and explained in 

Brealey, Myers, and Allen, 2012, or Megginson and Smart, 2008). In the context of oil and gas industry, 

                                                      
1 Defined as WACC = 𝑟𝐸

𝐸

𝐸+𝐷
+ 𝑟𝐷

𝐷

𝐸+𝐷
 disregarding tax, where 𝑟𝐸 is the cost of equity, 𝑟𝐷is the cost of debt, and, D 

and E are the market value of debt and equity respectively.  
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exploration activities are unique in their riskiness and we argue that using average measures in their 

valuation is not justified2. 

Exploration activities start with geological models for existence of hydrocarbons. Usually data is 

collected to support or refute the idea of hydrocarbon existence, and in some level, the idea of 

hydrocarbon volume if they exist at all. The existence is never completely proved unless exploration wells 

are drilled. Even then, the extent, volume, and produce–ability of subsurface hydrocarbons remain 

uncertain. As exploration wells are usually plugged and sealed after the data is collected, it is fair to say 

that exploration drilling is investment in information. We pay exploration costs and expect to receive 

information that could update the picture of uncertainty. Furthermore, the benefit that the information 

provides is not constant; as economic conditions change, so does the value of information. For each 

exploration well the question is: will the benefits of information gathered from drilling justify the costs? 

Common exploration valuation methods use decision trees to models the decisions, uncertainties 

(including risks), and outcomes. The end–nodes in the tree represent the net present value of each specific 

outcome discounted at WACC. The problem with this framework, as discussed in Jafarizadeh and 

Bratvold (2019), is that WACC already includes a premium for average riskiness of the assets including 

the risk of exploration activities. Furthermore, outcomes in the decision tree have different risk levels and 

discounting them with one rate is not consistent. Overall, because the valuation method does not submit 

to the changing uncertainty profile, a WACC–based decision tree is bound to provide biased value 

estimates for exploration activities. While a revision to WACC-based valuation is suggested in 

Jafarizadeh and Bratvold (2019), in this paper we discuss an alternative valuation approach that relies on 

the risk-neutral scheme. 

In the next section, we discuss inconsistencies in models of decision tree and adjusted discount rates. 

Then in section 3, we discuss the risk–neutral valuation scheme, and apply it to exploration valuation in 

section 4. Appendix A briefly discusses adjustment of WACC based on principles of the Capital Asset 

Pricing Model.  

2. Risk–Adjusted Discount Rates in Decision Trees 
Uncertain investments are usually evaluated using decision trees: key decisions and uncertainties are 

explicitly modeled and end–nodes show the Net Present Value (NPV) for each outcome. These NPVs are 

calculated using a discount rate that is comparable to WACC and includes the risk premium for the 

company’s average business. We discuss that such tree–based exploration valuation, e.g. as in Figure 1, 

double–counts some risks and can potentially mislead decision making by producing unreliable results. 

Albeit more generalized, Smith and McCardle (1999), Smith (2005), and Laughton et al. (2008) offer 

similar discussions.  

                                                      
2 A survey of 392 CFOs conducted by Graham and Harvey (2001) shows that almost three quarter of companies use 

WACC based on CAPM with the majority applying company–wide discount rates for projects, even though the 

projects had distinctive risk profiles. The results are for general businesses but the oil and gas industry should not be 

very different. 



3 

 

 

Figure 1 Decision tree model for exploration valuation 

 

The key inconsistency in valuations is about representation of risk. While the decision tree in figure 1 

accounts for chances of (commercial) success and volume of discovered hydrocarbons, the riskiness of 

cash flows in each end–node is accounted for by the discount rate. Most companies use arguments based 

on capital asset pricing model (CAPM) to determine the discount rate, but as this rate amounts to the 

average project in the company’s portfolio, it does not necessarily work for all branches of the tree. For 

example, an upstream company with a portfolio dominated by development projects and a comparably 

small budget for exploration, has a discount rate 𝑟 that perhaps represents the riskiness of an average 

development project similar to the end–node for NPVmedium | commercial & success. Using  𝑟 to 

estimate NPVfailure is not appropriate because this outcome is not as risky as a full development project. 

We believe using a single discount rate for NPV calculations across a decision tree causes similar biases 

in valuation. 

But if the discount rate is the weighted average cost of capital determined by CAPM, i.e. based on the 

company’s beta, then it should already reflect the systematic risk of the company3. Including the 

systematic risk in analysis should serve the shareholders well. Why do we still have inconsistencies in 

valuation? The answer is that although beta reflects the risks that shareholders should be compensated for, 

the uncertain project has multiple possible outcomes, each with perhaps a different beta. One outcome, 

such as discovery of medium commercial volumes, may have systematic risk (fluctuations in value due to 

variations in overall economy) similar to the systematic risk of the company’s stocks, while another 

outcome, such as dry hole, may be completely independent of the movements in the economy. 

Discounting both these outcomes using a single rate underestimates the effect of the less risky outcome. 

All in all, for a project with uncertain outcomes it may be better to consider individual betas and 

associated discount rates for each outcome (Appendix—B discusses individual project beta). 

Even though we could determine individual betas for each outcome of the decision tree, because betas are 

all–inclusive risk measures, there will still be some subtle inconsistencies in valuations. To explain this 

point, we have designed the example in figure 2.  

                                                      
3 In theory, beta should already include the value of flexibility that management can exercise for example in an 

exploration project. Justifications for using CAPM beta in project appraisal is discussed in Da, Gou, Jagannathan 

(2012). 
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Here, the valuation model consists of two sequential decisions: to drill and then to acquire additional 

information if drilling is successful. We focus on the second decision where we consider data acquisition 

by taking rock core–samples and running appraisal activities. These activities marginally cost USD 15 

million, and although the additional information will not entirely eliminate uncertainty, it will improve 

our perception about outcomes by updating the probabilities of high and low recoverable volumes. 

Without additional information, the probabilities for high and low volumes are 30% and 70%, but with if 

the test results are positive, the probabilities will change respectively to 63% and 37%. If the test results 

are negative, we will not develop the field. Figure 2 shows the NPV’s for each outcome of the decision 

tree4.  

 

Figure 2 Decision tree model for value of information from appraisal test 

At this stage, the expected value of taking appraisal test is 0.38 × (0.63 × 185 + 0.37 × (−65)) +

0.62 × (−15) = USD 26 million while the expected value of developing without appraisal test is 0.3 ×

200 + 0.7 × (−50) = USD 25 million. In other words, the marginal value of information from the 

appraisal test is 26 − 25 = USD 1 million (for USD 4 million investment). 

The above calculations assume the NPV’s at end–points are independent of data acquisition, and 

independent of the high/low volume probabilities. In other words, we assumed whatever we learn about 

subsurface uncertainty through appraisal tests, the riskiness of the development projects remains intact; 

hence, a project–wide WACC is used to estimate all NPV’s. Conversely, we have also assumed that if test 

results are negative we will not undertake the development project at all. These assumptions are 

questionable because the static risk discounting does not account for arrival of information and evolution 

of uncertainties (Myers, 1974). 

While it is theoretically possible to determine a single discount rate that correctly reflects all project risks, 

the process is fraught with several unavoidable imprecisions. As shown in table 1, the optimal course of 

                                                      
4 We assume the high volume scenario produces 910 Kbbl/year for ten years and the low volume scenario produces 

214 Kbbl/year for five years, both starting the first year after discovery. The cost of development is USD 100 

million incurring in the first year. For simplicity, we assumed oil prices are constant 50 USD/bbl for the next ten 

years, WACC is 9%, and tax, tariffs, and operating costs do not exist. The result is NPVHigh =
−100

(1+0.09)
+

∑
0.91×50

(1+0.09)𝑡
10
𝑡=1  and NPVLow =

−100

(1+0.09)
+ ∑

0.214×50

(1+0.09)𝑡
5
𝑡=1 . In practice, production gradually declines, lead–time is longer 

for larger projects, oil prices fluctuate, and tax, tariff, and operating costs generate complex cash flow structures.  
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action is sensitive to the discount rate. Even a one percent reduction, from the current level of 9% to 8%, 

is enough to change the company’s decision on taking the appraisal test. Still, standard errors of more 

than 3% for cost of equity are common in industries (Fama and French, 1997).  

Table 1 Sensitivity analysis of value of information with respect to changing discount rate 

Discount rate Value of taking test Value of not taking test Value of Info Action 

7% 32 33 0 No test 

9% 26 25 1 Take test 

11% 20 18 2 Take test 

14% 14 9 4 Take test 

 

The discussions above (along with other inconsistencies discussed in Fama, 1996) reveal the conflicting 

assumptions that mar the current state of exploration valuation. Even so, the decision tree in figure 1 still 

misses out the options that arise from the uncertainty about oil prices that could create or destroy value. If 

for example after discovery of oil the prices drastically drop, the future economic outlook will also 

decline, then the managers may decide not to develop the field based on newly gained insights that were 

not available at the time of exploration drilling. Such an option avoids investing in an inferior project that 

could result in loss. Managers are commonly aware of these options and routinely exercise them, but 

without an orderly model of oil prices behavior, it is difficult to articulate these options in the valuation 

model. Thus, companies usually overlook price options or at best implicitly consider them in valuation. 

The approach discussed in sections 3 and 4 results in a consistent valuation method of investment risks 

and decisions. The method is coherent and flexible, although more effortful, and produces decision 

insights otherwise lost even in rigorous applications of WACC.        

3. Risk–Neutral Valuation 
Presented in Cox and Ross (1976) and later integrated with principles of decision analysis by Smith and 

Nau (1995), the risk–neutral valuation individually assesses risks rather than merging them into the 

discount factor. We risk–adjust the probability of different realizations of cash flows, and discount them 

with the risk–free rate. These two adjustments “cancel out” and the process will return the same value as 

the traditional WACC approach if consistently applied. The additional effort in risk–neutral assessments 

provides versatility to valuation5.  

3.1. The Risk–Neutral Measure 
If we assume the value of an asset at time 𝑡, defined as 𝑉(𝑡), depends on its uncertain outcomes at time 𝑇, 

then for a risk–averse decision maker with marginal utilities �́�(𝑡) and �́�(𝑇) respectively at the 

beginning, 𝑡, and end of period, 𝑇, the value is  

𝑉(𝑡) = E(
𝑈𝑖́ (𝑇)

�́�(𝑡)
𝑉𝑖(𝑇)) 

 

(1) 

                                                      
5 The deduction of methods in this section follows the discussion in McDonald (2014). 
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Where 𝑉𝑖(𝑇) are the uncertain outcomes that the asset can have at the end of the period, and 𝑈𝑖́ (𝑇) are the 

change in utility that each outcome will bring to consumption. In other words, the value of the asset at 𝑡 is 

the expected value of its outcomes at 𝑇 weighted by 
𝑈𝑖́ (𝑇)

�́�(𝑡)
, the ratio of marginal utilities at the end to 

marginal utility at the beginning of valuation period. We call this ratio the “stochastic discount factor” 

because equation (1) effectively gives the expected value when we weight future outcomes by marginal 

utility and probability. 

If there are 𝑛 future outcomes each with probability 𝑝𝑖, we can rewrite equation (1) as 

𝑉(𝑡) =∑𝑝𝑖
𝑈𝑖́ (𝑇)

�́�(𝑡)
𝑉𝑖(𝑇)

𝑛

𝑖=1

 

 

(2) 

We will use a risk–free asset to transform equation (2); asset 𝐵(𝑡) at time 𝑡 grows to 𝐵(𝑇) by time 𝑇. 

Multiplying the right side of equation (2) by 
𝐵(𝑡)𝐵(𝑇)

𝐵(𝑡)𝐵(𝑇)
 we get 

𝑉(𝑡)

𝐵(𝑡)
=∑𝑝𝑖

𝑈𝑖́ (𝑇)𝐵(𝑇)

�́�(𝑡)𝐵(𝑡)

𝑉𝑖(𝑇)

𝐵(𝑇)

𝑛

𝑖=1

 

 

(3) 

We further define new probabilities 𝑝𝑖
∗ = 𝑝𝑖

𝑈𝑖́ (𝑇)𝐵(𝑇)

�́�(𝑡)𝐵(𝑡)
, otherwise called risk–neutral probabilities, and 

rewrite equation (3) as 

𝑉(𝑡)

𝐵(𝑡)
=∑𝑝𝑖

∗ 𝑉𝑖(𝑇)

𝐵(𝑇)

𝑛

𝑖=1

 

 

(4) 

Then by investing in one unit of the risk–free asset, 𝐵(𝑡) = 1 and 𝐵(𝑇) = (1 + 𝑟𝑓)
𝑇, Equation (4) 

becomes 

𝑉(𝑡) =
E∗(𝑉𝑖(𝑇))

(1 + 𝑟𝑓)
𝑇  

 

(5) 

Where E∗(. ) is expectation with respect to new probabilities 𝑝𝑖
∗’s. In other words, the value of the asset is 

the expected value of its future outcomes under risk–neutral probabilities discounted by risk–free rate. 

3.2. Forward Prices in Valuation 
In constructing equation (5), we have implicitly assumed that the markets are complete. A complete 

market allows investors to hedge and trade the risks using market instruments. Therefore, we can 

construct a “replicating portfolio” out of market securities that generates the same cash flows as our real 

asset’s future cash flows. 

If we found a market portfolio with the same outcomes as our exploration asset, then the value of that 

portfolio should be equal to the value of our asset. This method of valuation, i.e. finding a replicating 

portfolio in the market and evaluating that portfolio, does not depend on our attitude towards risk. In fact, 
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in an economy with risk–neutral participants, this method will give the same result as in our economy. 

Meanwhile, in the risk–neutral economy, participants do not ask compensation for risk. They discount all 

cash flows with risk–free rate. Therefore, to evaluate our asset we multiply the exploration outcomes with 

probabilities that market participants in the risk–neutral economy assign to these outcomes and discount 

all cash flows with risk–free rate. 

How does the risk–neutral economy value the exploration asset? First, the economy estimates expected 

cash flows differently when they are associated with macroeconomic variables such as prices, exchange 

rates, or interest rates; the uncertainty about existence of subsurface hydrocarbons is not related to 

macroeconomics so will be perceived the same way as in our economy. Second, all assets in the market, 

regardless of their risk, will have an expected return equal to the risk–free rate because in the risk–neutral 

economy higher risk does not require higher return. 

A convenient shortcut for estimating risk–neutral adjustments is using market instruments. Forward and 

futures have long been used to hedge price risks. Producers can use these contracts to deliver their 

products in to their customers (the market) at an agreed price and at a specific date. Likewise, customers 

use these contracts to avoid subjection to variations in prices. With this, the futures and forwards reveal a 

risk–free expectation of the prices in the future. 

Assume a company is selling 𝑄 barrels of oil in the future at time 𝑇. The cash flow received in the future 

is uncertain and will depend on the price of oil at time 𝑇, say 𝑆𝑇, but for convenience, the expected cash 

flow E(𝑆𝑇) × 𝑄 is used. The company uses 𝜇 to discount future cash flows so the value of the 

project 𝑉(𝑡 = 0) is 

𝑉(0) =
E(𝑆𝑇) × 𝑄

(1 + μ)𝑇
 

 

(6) 

Yet, the company can use the same amount of cash as 𝑉(0) to sell oil using forward contract 𝐹0,𝑇 with 

delivery at 𝑇. Note the delivery price is fixed and the cash flow is risk–free. 

𝑉(0) × (1 + r𝑓)
𝑇
= 𝐹0,𝑇 × 𝑄 

 
(7) 

By substituting 𝑉(0) in equation (7) we get 

E(𝑆𝑇)

(1 + μ)𝑇
=

𝐹0,𝑇

(1 + r𝑓)
𝑇 

 

(8) 

In other words, the forward price at time 𝑇 discounted at risk–free rate is the present value of one barrel of 

oil sold at time 𝑇. Furthermore, equation (7) also reveals that 

E∗(𝑆𝑇) = 𝐹0,𝑇 =
𝐸(𝑆𝑇)

(1 + 𝜇 − 𝑟𝑓)
𝑇
 

 

(9) 
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The forward price of oil is the future expected spot price discounted at the risk premium6. They are how 

the risk–neutral economy thinks of oil prices in the future. 

The discussions in this section shows that both risk–neutral and traditional discounted cash flow are 

coherent valuation methods. If 𝜇, the company’s discount rate, correctly accounts for risks then both 

methods should result in the same value assessments. Table 2 shows a project that produces 0.91 MMbbl 

per year for ten years and calls for USD 100 million investment incurring in year one. Figure 3 also shows 

the expected and forward prices used to estimate cash flows, however if 𝜇 = 9% and 𝑟𝑓 = 5% represent 

respectively the project riskiness and the risk–free rate, then the NPV for both cash flow streams are 

equal.   

Table 2 Project NPV calculated with expected and forward (risk–neutral) prices  

 

 

Figure 3 Relationship between expected and forward (risk–neutral) prices 

The difficulty with traditional discounted cash flows is that it needs estimates for 𝜇 and expected prices, 

both unobservable quantities. On the contrary, it is more straightforward for risk–neutral valuation to use 

market parameters like the risk–free rate and forward prices.  

3.3. Risks Correlated with the Market 
Some exploration models contain variables like drilling cost or LNG price that, although related to the 

market, cannot be hedged using trading instruments7. These variables are assumed partially correlated 

                                                      
6 Comparing equations (8) and (5), we also obtain 𝐹0,𝑇 = E∗(𝑆𝑇) where, E∗(. ) is the expectation with respect to the 

risk–neutral measure.  

Year 0 1 2 3 4 5 6 7 8 9 10

Production (MMbbl) 0.91 0.91 0.91 0.91 0.91 0.91 0.91 0.91 0.91 0.91

Expected Prices S T  (USD/bbl) 50.00 50.00 50.00 50.00 50.00 50.00 50.00 50.00 50.00 50.00 50.00

Forward Prices F 0,T  (USD/bbl) 50.00 48.23 46.54 44.93 43.38 41.90 40.49 39.13 37.84 36.59 35.40

Cost (USD Million) 100

Expected Cash Flow (USD Million) -54.5 45.5 45.5 45.5 45.5 45.5 45.5 45.5 45.5 45.5

Risk–Neutral Cash Flow (USD Million) -56.1 42.4 40.9 39.5 38.1 36.8 35.6 34.4 33.3 32.2

NPV (Expected) 200

NPV (Risk–Neutral) 200
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with market risks. For example, exploration costs are correlated with oil prices, or in a larger scope with 

the market index. Following Smith (2005), we can include these variables in our risk–neutral valuation. 

If exploration cost at time 𝑇, denoted by 𝐶𝑇, is correlated with the S&P 500 market index with correlation 

factor 𝜌, then (assuming the return on market portfolio is 𝜇𝑚) the expected growth rate for exploration 

cost conditional on market growth is 

𝜇𝐶 |𝑚 = 𝜇𝐶 − 𝛽(𝜇𝑚 − 𝑟𝑓) 

 
(10) 

Where, 𝜇𝐶  is growth rate of the exploration cost and 𝛽 can be interpreted similar to the CAPM beta 

as 𝛽 = 𝜌(𝜎𝐶 𝜎𝑚⁄ ) = 𝜎𝐶𝑚 𝜎𝑚
2⁄ , i.e. covariance of cost and market divided by variance of the market. Here 

we assumed that forward contracts on S&P 500 index are available in the market. We can substitute the 

risk premium 𝛽(𝜇𝑚 − 𝑟𝑓) in equation (9) and obtain 

E∗(𝐶𝑇) =
𝐸(𝐶𝑇)

(1 + 𝛽(𝜇𝑚 − 𝑟𝑓))
𝑇
 (11) 

4. Applications to Exploration Valuation 
Most exploration projects call for a plan to drill identified prospects: those probable subsurface 

hydrocarbon formations that, with the knowledge of geology and engineering combined with experience, 

could turn into moneymaking assets. The journey from prospecting to hydrocarbon production is usually 

not straightforward. It requires understanding of challenges and uncertainties along with the ability to 

generate innovative solutions. Yet occasionally an appealing exploration opportunity fails in fulfilling 

crucial business requirements such as proximity to infrastructure or acceptable break–even price and 

should be rejected against the odds. It is therefore important to consider how much expected value (rather 

than hydrocarbon volume) an exploration opportunity can generate. The ultimate decision to drill should 

be based on the expected value8. 

The principles discussed in the previous section directly apply to exploration valuation. Those risks not 

correlated with the market enter the valuation model unchanged, while those that can be hedged using 

market instruments change with the risk–neutral measure, using equations (8) or (11). All discounting is 

with the risk–free rate. While the procedure is straightforward, the details could significantly alter the 

valuation. 

4.1. Private Uncertainties in Exploration Context 

Projects should follow a systematic procedure of data collection and analysis before they are presented to 

management for decision making. The expected net present value, commonly accepted as the investment 

                                                                                                                                                                           
7 Both variables discussed here have limited markets. Drilling cost is driven mainly by the regional rig market where 

technical requirements sometimes dictate the use of a specific rig. The LNG market is more liquid and has a global 

scale, yet forward or future contracts are not widely adopted.  
8 Even though decision making based on expected value is consistent with the goal of shareholder value 

maximization, excessive risk–aversion sometimes overrules this principle. Furthermore, performance of exploration 

units within the larger organisation are often measured with poorly defined metrics such as annual volume 

replacement rather than value creation. Authors’ recommendation is that companies should act on expected value as 

long as the risks are not so large as to endanger their existence.   
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decision metric, thus includes all the available information: from geological chance of success and 

reservoir characteristics to drainage strategy, development solution, and contractual agreements. 

Valuation is a way of combining the seemingly incompatible information into a common measure. While 

it is holistic, i.e. its pieces are intimately connected; there is a natural order of information acquisition and 

analysis. 

Identified hydrocarbon prospects have a geological chance of success determined from probabilities for 

source rock, migration, and seal. In general, for hydrocarbons to exist, they must have originated from a 

source, migrated through the pores in the rocks, and accumulated under an impenetrable seal. The 

geological chance of success is then the joint probability of its elements; all should happen at the same 

time for the hydrocarbon to exist. 

Before using in a decision tree, we modify the geological chance of success according to location of the 

well and potentials for commercial production. In practice, finding traces of hydrocarbon may account for 

geological success yet has no commercial value. By removing those outcomes not considered as success 

in a commercial sense, we generate the “probability for commercial success.” Furthermore, because of a 

prospect’s asymmetrical geometry, well location and angle of penetration perhaps also affect the chance 

of success. Overall, although chance of success indirectly links with prices through economic threshold 

volume, we assume disconnection with the market to simplify our valuation model. 

 

Figure 4 commercial outcomes adjust the distribution of volume given success.  

A second way to account for non–commercial outcomes is to adjust the probability distribution of volume 

given discovery. Figure 4 shows how to subtract the non–commercial outcomes—those with insufficient 

discovered volumes to cover the required investment in development. Anyhow, adjusting the chance of 

success or the probability distribution of volume given success for non–commercial volumes depends on 

the future prices. Considering these probabilities as “private” is an approximation that results in a simpler 

valuation model9.  

Usually the next step in analysis is to select a few representative outcomes out of infinite number of 

possible discoveries and devise for them a development plan and drainage strategy. These plans consider 

                                                      
9 In fact, this approximation is not a significant departure from consistent valuation. If we use risk–neutral prices to 

estimate the commercial volume threshold, then the adjustments are coherent. 
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uncertainty in reservoir characteristics and flow combined with constraint from equipment and facilities. 

The production forecasts will eventually reflect these uncertainties and nonlinearities. As they are 

generally unaffected by market movements we classify them as private uncertainty.  

4.2. Market Uncertainties in Exploration Context: Forward Prices 
The market influences a project’s outcome when hydrocarbons are produced and sold. Prices vary 

through years of production and even so forward contracts can remove the downside risk in the near 

future, hedging price risk at the time of exploration is neither possible nor desirable. It is not possible 

because longest forward contracts traded in exchanges mature in about eight years; most discoveries will 

have their first oil in a few years and produce for years if not decades. Furthermore, hedging may not be 

desirable from the investors point of view because along cutting the downside risks it also removes the 

upside potentials.  

Nevertheless, forward prices provide a glimpse into the risk–neutral economy. They show how we expect 

prices to evolve in the future with respect to risk–neutral measure. For most exploration opportunities, 

uncertainty in prices is almost the only market risk that we consider for valuation. 

Commodity markets provide instruments that hedge oil and gas prices. The forward prices in these 

markets include risk adjustments as shown in equation (9). In other words, the forward prices are 

discounted for risk but not for time. Such risk adjustments are useful for valuation but still other details 

could cause inconsistencies. For example, gas is costly to store and transport, hence the market price of 

gas reflects a specific grade of natural gas delivered at a specific location. Using gas forward curve from 

NYMEX10 in valuation of exploration opportunities situated in offshore Alaska ignores the effect of 

processing and transportation. For such a project, the gas forward curve needs additional adjustments to 

reflect this basis risk11. While oil is easier to store and transport, the geographical location and expected 

oil property may give rise basis risk. Depending on Sulphur content and location, some grades of oil trade 

at significant discounts compared to global benchmarks of WTI and Brent. 

                                                      
10 NYMEX natural gas contracts are for delivery of dry gas through pipeline to Henry Hub in Louisiana, as 

uniformly as possible during the delivery month (CME website). 
11 The basis risk reflects the risk that the delivered commodity does not have a price equal to the underlying 

commodity due to variation in quality, date of delivery, or place of delivery. 
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Figure 5 Basis risk and its effect on valuation 

We can calculate the premium for basis risk, shown in figure 5, using the same principles used to derive 

equation (11). For example, one way to estimate 𝛽 of the basis risk would be to use the regression 

coefficient obtained from regressing the price of products (or price of an analogue) on WTI price.  

4.3. Market Uncertainties in Exploration Context: Dynamics of Prices 
Exploration opportunities build on value from sequential decisions. The decision to drill a wildcat well 

brings about the decision to drill an appraisal well, and later, the decision to develop. These sequential 

decisions depend upon the outcome of earlier decisions and, although usually overlooked, on the 

evolution of economic conditions. Jafarizadeh and Bratvold (2015, 2017) discuss valuation of sequential 

exploration decisions influenced by dynamics of prices. 

In this paper, we confine our model to a simple, yet strong and efficient, assumption about prices. At any 

point in time, the price can go either up or down. Other price scenarios are not considered; hence, the 

method is “binomial.” If performed consistently, the restrictions on price change will generate a simple 

and manageable model that reveals the dynamics of economic conditions on exploration value. 

To construct the binomial model, we first make assumptions about behavior of prices. The economy 

produces and then consumes commodities limited amounts, thus, the forces of supply and demand govern 

the prices. An equilibrium price level reflects the balance between supply and demand, with any deviation 

from this equilibrium expected to disappear with time. In other words, if prices compared to equilibrium 

level are too high or too low, the market corrects the deviations by driving them back to the average level. 

A mathematical definition of this mean–reversion property is 

d𝜒𝑡 = −𝜅𝜒𝑡d𝑡 + 𝜎d𝑧 (12) 

 

Where price 𝑆𝑡 = 𝑒
𝜒𝑡+𝜉 is composed of the constant 𝜉 (equilibrium price) and 𝜒𝑡 the short–term deviation 

at time 𝑡, 𝜅 is the mean–reversion coefficient, 𝜎 is volatility, and d𝑧 is a Wiener process. In this process, 

the prices revert to the effective long run price of 𝑒𝜉+𝜎
2 4𝜅⁄ . As shown by Hahn and Dyer (2008), the 

parameters for binomial movements of 𝜒𝑡 are as follows: 
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𝜒𝑡
+ = 𝜒 + √∆𝑡𝜎 (magnitude of up move) 

𝜒𝑡
− = 𝜒 − √∆𝑡𝜎 (magnitude of down move) 

𝑝𝑡
∗ =

{
  
 

  
 ½+ √∆𝑡

−𝜅𝜒𝑡 −½𝜎
2

2𝜎
   if   0 ≤ ½+ √∆𝑡

−𝜅𝜒𝑡 −½𝜎
2

2𝜎
≤ 1

0                              if                          ½ + √∆𝑡
−𝜅𝜒𝑡 −½𝜎

2

2𝜎
≤ 0

1                              if                          1 ≤ ½+ √∆𝑡
−𝜅𝜒𝑡 −½𝜎

2

2𝜎

 (probability of up move) 

1 − 𝑝𝑡
∗ (probability of down move) 

 

At each node in the binomial lattice, the price 𝑆𝑡 = 𝑒
𝜒𝑡+𝜉 can move up to 𝑆𝑡

+ = 𝑒𝜒𝑡
++𝜉 or move down 

to 𝑆𝑡
− = 𝑒𝜒𝑡

−+𝜉.  

The mean–reverting model also determines the forward curve (by varying maturity time 𝑇) using the 

equation  

ln(𝐹0,𝑇) = 𝑒
−𝜅𝑇𝜒 + 𝜉 + (1 − 𝑒−2𝜅𝑇)

𝜎2

4𝜅
 (13) 

Under a risk–neutral measure, expected prices in the future are equal to forward prices, or 𝐹0,𝑇 = 𝑝𝑇
∗𝑆𝑇

+ +

(1 − 𝑝𝑇
∗ )𝑆𝑇

−. This will lead to 

ln(𝐹0,𝑇) = (½ +√(𝑇 − 0)
−𝜅𝜒 −½𝜎2

2𝜎
) × (𝜉 + 𝜒 + √(𝑇 − 0)𝜎) + (½ −√(𝑇 − 0)

−𝜅𝜒 −½𝜎2

2𝜎
) × (𝜉 + 𝜒 − √(𝑇 − 0)𝜎) 

ln(𝐹0,𝑇) = 𝜉 + 𝜒(1 − 𝑇𝜅) − 𝑇
𝜎2

2⁄  (14) 

Equation (14) approximates equation (13). The accuracy of estimates improves when 𝑇 is small (months 

to a year). 

4.4. Example   

Whereas all exploration wells are investments in information, appraisal wells specifically intend to create 

value by gathering additional data and improving our understanding. These wells, followed by the wildcat 

well, aim to generate insight if the currently available data does not provide sufficient apprehension. At 

times, the appraisal wells intend to show if a discovery is indeed commercial, or even to determine what 

development solution is best.  This section applies the previously discussed principles and methods to an 

example of exploration valuation with the option to drill an appraisal well. The valuation model is 

available in the accompanying spreadsheet. 

A major oil company considers a USD20 million exploration well in a promising area with a good chance 

of success 𝑝𝑔 = 65%. However, a discovery has only 30% chance of commercial outcome because of 

uncertainty in reservoir characteristics. The company can drill an appraisal well for additional cost of 

USD10 million and gain better understanding about reservoir characteristics, yet the additional 
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information does not entirely remove the uncertainty. As shown in figure 6, the appraisal has a reliability 

of 80%—it predicts commercial conditions in only 80% of the times the reservoir is actually commercial 

and in 20% of the times, the appraisal generates false predictions. Also shown in figure 6, (using Bayes 

theory) the conditional probability of commercial outcome given positive result from the appraisal rises to 

63%. If the results are negative, the company walks away from this investment. 

 

Figure 6 appraisal test with 80% reliability (probability tree on the left) leads to conditional probabilities for 
commercial and non–commercial outcome given test results (probability tree on the right). We used 
Bayes theory to calculate conditional probabilities. 

The consequence of investing in a non–commercial reservoir is that the revenue from extracted volume 

will not be enough to cover the capital costs; i.e. the net present value of this outcome is negative. The 

company invests in standalone development with cost of USD100 million while still uncertain about 

recoverable volumes. We represent the uncertainty about commercial volume in two outcomes: the in–

place estimate for commercial reservoir is 10 MMbbl of oil and ten years of production, but for non–

commercial outcome it is 3 MMbbl and five years of production. We will only be able to produce 10% of 

the remaining in–place volume in each year. 

The revenue of the project is production sold in the market. We calibrate a mean–reverting process to 

market data in order to model a forward curve and to calculate revenues12. Assuming oil prices have no 

basis risk, the project produces oil with WTI specifications and zero cost of transport. This forward curve 

is the gray solid line in figure 7. When in six months the appraisal well is drilled, the prices would have 

varied, and with them so do the economics of the project. The dashed lines in figure 7 show the forward 

curves resulting from binomial change in price.  

                                                      
12 The longest maturity futures traded in ICE and NYMEX are respectively three years and eight years. They are 

shorter than most projects’ lifetime and for practical valuation purposes, they are estimated over longer periods. 

Geman (2005) provides guidance on using historical data from forward market to estimate long–horizon forward 

curves.  
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Figure 7 dynamics of prices (solid black lines) and the resulting forward curves (dashed lines). The gray 
line represents the forward curve generated by calibrating the model to observed forward prices. 

Two decisions derive value for this exploration opportunity: drilling the exploration well and then based 

on its outcome and price of oil, drilling the appraisal well. Prices at the time of appraisal affect the 

expected revenue from production, so we expect to observe different decision policies in high price 

scenario compared with low scenario. The decision tree of figure 8 shows the decisions, relevant 

uncertainties, and probabilities defining those uncertainties.   

 

Figure 8 Decision tree for valuation of exploration opportunity including one appraisal well 

Figure 8 also shows the solution to the decision tree, i.e. the result of rolling back the tree. The values in 

bold gray under each decision branch show the expected NPV for that specific course of action. The 

expected value of the exploration opportunity is positive (USD1.6 million) and the optimal policy is to 
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drill the appraisal well only when the price goes down. If prices go up, it is better to develop without 

appraisal (USD 23 million versus USD17 million the expected NPV of appraisal and then development). 

The dynamics of prices clearly affect the optimal decisions and expected value.  

5. Conclusions  
Most exploration projects fall on the extreme corner of a company’s internal portfolio, they may or may 

not violate the assumptions behind application of weighted average cost of capital, but the one–size–fits–

all approach can potentially result in disarray. Through a consistent risk–neutral valuation, we showed 

how evaluation of exploration opportunities could embody (previously neglected) intricacies and 

complexities. These include value of information, when the option to acquire information affects the 

riskiness of project, and price options, when knowledge of prices affects decisions. The solution is 

coherent, and we believe its benefits could outweigh the additional efforts of defining individual risk–

adjustments. 

The risk–neutral valuation scheme applied to exploration valuation calls for separating market and private 

uncertainties. In an economy with risk–neutral participants, market uncertainties (such as price of oil) are 

adjusted using information from markets, for example by taking advantage of forward contracts. Private 

uncertainties, on the other hand, are not risk–adjusted. We further discussed that a multitude of private 

uncertainties (costs, prices for non–traded products) link with market, while even the seemingly obvious 

market uncertainties (such as oil produced in a remote location) could have basis risk. For a useful 

valuation, we should judge each source of uncertainty and make simplifying assumptions. 

The accompanying spreadsheet to this manuscript is available at: 

https://www.dropbox.com/s/bkksyofyxphds1v/EXP%20VAL.xlsx?dl=0 
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Appendix—B CAPM and Project Beta 
Corporate finance uses knowledge of the financial markets in evaluation of real asset investments. The 

assets have uncertain, difficult to assess, cash flows; but using markets’ consensus about risk and return, 

managers can produce a benchmark for asset value. According to CAPM, the market shows its risk and 

return preferences through company’s β by requiring the stock expected return E(𝑟𝐸) to be 

E(𝑟𝐸) = 𝑟𝑓 + 𝛽(E(𝑟𝑚) − 𝑟𝑓) 
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Where the expected return of stock depends on 𝑟𝑓, the risk–free rate, its β, and E(𝑟𝑚) − 𝑟𝑓, the market risk 

premium. If we assume 𝐸 is the market value of equity (shares) with return 𝑟𝐸 and 𝐷 is the market value 

of company’s debt with rate 𝑟𝐷, then disregarding tax, the weighted average cost of capital is 

WACC = 𝑟𝐸
𝐸

𝐸 + 𝐷
+ 𝑟𝐷

𝐷

𝐸 + 𝐷
 

WACC contains the average risk of the company’s project and the cost of borrowed money. If we use 

WACC to evaluate an uncertain project, with uncertain outcomes at time 𝑇 denoted by 𝑉𝑖(𝑇), then the 

value �̃�(𝑡) will be 

�̃�(𝑡) =
E(𝑉𝑖(𝑡))

1 +𝑊𝐴𝐶𝐶
 

However, equation (1) defines value as 𝑉(𝑡) = E (
𝑈𝑖́ (𝑇)

�́�(𝑡)
𝑉𝑖(𝑇)) so in general �̃�(𝑡) ≠ 𝑉(𝑡). In other words, 

using WACC for discounting uncertain outcomes does not guarantee an unbiased valuation. How can we 

adjust WACC so that we get the same value estimate as equation (1)? 

One solution is to define multiple discount factors, one for each uncertain outcome. Assume we define 𝑟𝑖 

as the discount rates for each outcome13. In particular, if we let 
1

1+𝑟𝑖
=

�́�𝑖(𝑇)

�́�(𝑡)
, then 

𝑉(𝑡) = E (
𝑉𝑖(𝑡)

1 + 𝑟𝑖
) 

Which gives the same valuation result as equation (1).  

In theory, 𝑟𝑖’s account for both the time value of money and the riskiness of a specific project outcome. If 

estimated correctly, the valuation will give the same result as the risk–neutral valuation. How do we 

estimate specific discount rates for each outcome? If a specific line of business represents an outcome, a 

regression of returns from that line of business on market index could generate relevant βs. However, 

instead of resorting to estimating β from historical data, it may be easier to find βs of publicly traded firms 

with the same nature of projects and similar riskiness.  

A company’s stock beta measures the sensitivity of its return to macroeconomic variables (prices, interest 

rates, etc.) that broadly affect the market. Major companies with large producing assets experience market 

fluctuations but are less likely to sway with non-systematic variables. On the contrary, smaller companies 

that rely on their uncertain exploration assets expect to have larger share price variations. For this reason, 

we anticipate βs close to one for large companies (meaning they move in tandem with the market) and 

larger than one βs for smaller companies (meaning they vary more intensely than the market). Depicting 

company’s beta against 2015 revenue (a proxy for size of assets), figure 9 confirms this idea with a few 

notable exceptions. 

                                                      
13 We can think of this uncertain outcome as a project in a hypothetical company with similar projects where the 

appropriate discount rate is 𝑟𝑖 . 
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Disregarding the outliers, companies with larger than USD 20 billion revenue have βs close to one; the βs 

for smaller companies are higher than one14. The exceptions, Petrobras (ridden with recent scandals) and 

Occidental Petroleum (with its offsetting upstream and chemical operations), can be explained by internal 

factors. Note that, while we focus on companies centered on upstream business, those with 2015 revenue 

in excess of USD 20 billion also have sizable downstream projects. These integrated companies tend to 

reduce their risk by utilizing flexibility across the value chain. Furthermore, effect of debt leverage on 

equity βs is not examined here.   

 

 

Figure 9 Equity βs across companies with different portfolio of assets 

While the relationship in figure 9 is approximate and possibly biased by unknown variables, we believe 

that at least part of the variability in βs relates to the riskiness of company’s project portfolio.  

In summary, to evaluate the exploration project represented in figure 1, it is more reasonable to use a low 

discount rate, perhaps the risk–free rate, to calculate NPV𝑓𝑎𝑖𝑙𝑢𝑟𝑒 as this outcome is almost certain. Other 

outcomes, depending on their assessed risk levels, could use higher discount rates resulting from 

comparable βs in figure 9.  

    

   

                                                      
14 To avoid exchange rate implications, we focused on public companies with shares traded in New York Stock 

Exchange (NYSE). We collected βs are from Yahoo! Finance, and 2015 revenues are compared with company’s 

annual reports (Form 10–K). Wherever 2015 revenues were not available, we used 2014 or 2016 figures. The data is 

available in the companion file. 


