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Project Economics in the Big-Bets Industry: The 

Integrated Valuation in Practice 

Babak Jafarizadeh, Heriot-Watt University, UK 

Reidar B. Bratvold, University of Stavanger, Norway 

Abstract 
Value creation from petroleum projects is uncertain. Yet, even with great odds of failure, companies 

increasingly take on these ventures. Here, no analytics could cut failures out. We could only avoid loss by 

avoiding poor investment decisions. In practice, most valuations use inconsistent principles that 

potentially obscure the value–maximizing decisions. For example, when drilling for hydrocarbons most 

firms decide which opportunity to drill based on their expected value—calculated from values of multiple 

outcomes, each with different levels of uncertainty but traditionally evaluated with a single discount rate. 

The all-inclusive discounting could lead to biases and poor decisions. In this paper, we discuss the 

shortcomings of the traditional approach and implement a coherent method of integrated valuation that, 

while more detailed, excels in valuation of uncertain investments. 

Keywords: Project Valuation under Uncertainty; Investment Analysis; Exploration Economics; Real 

Options; Economic Decision Analysis; Oil Price Dynamics 

1. Introduction 
Upstream petroleum business is a domain of big bets. Here, a single exploration well costs millions and 

could still yield nothing. Historically, most petroleum business bets have not paid off. Oil and gas firms 

have drilled thousands of dry holes, bid unsuccessfully on tracts, or entered ill-fated partnerships. Yet, the 

few bets that succeeded, have often created enough value to justify all the failed investments. Usually 

experiencing a stepwise (and often partial) resolution of uncertainty, the bets usually create value in a 

series of (still uncertain) follow-up bets.1  

In this domain of uncertainty and dynamic decisions, good valuation models are indispensable. Of course, 

no amount of analysis could avoid all the undesirable outcomes. Uncertainty brings threat or opportunity. 

Even the maxim “In God we trust, all others must bring data” belies the uncertain bets of the oil and gas 

 
1 From nearly two thousand exploration wells drilled between 1966 and 2018 in the Norwegian Continental Shelf, 

only one third led to discoveries. For wildcat wells, the overall rate of success is 42% but usually multiple wells 

(wildcat and appraisal) lead to a single discovery. Besides, the definition of a discovery depends on yet uncertain 

factors such as production volume or oil prices. In the early years of 1966 to 1985, this success rate was only 32% 

but reached 49% in the late period of 2000 to 2018 (drilling data available from www.npd.no). The companies have 

improved in assessing chances of success but still overestimate hydrocarbon volume given discovery. In addition, 

the value of earlier giant discoveries and their follow-up bets on development and further exploration, dwarves the 

value of significantly smaller but more frequent recent finds. There is evidence that this is not specific to NCS and 

applies to exploration in other places in the world.  
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industry. Data is the least available when it is most needed—and then abundant when it is least needed. 

Despite lack of data, or more aptly, lack of knowledge, firms must make broad-impact decisions. As a 

solution, the industry uses a probabilistic language to encode the inherent uncertainty—e.g. the chance of 

success in drilling, or probabilistic reserves. Yet, consistent valuations are rare. Most firms commit 

resources to assessing uncertainty but then use biased valuation models to measure the economic worth of 

the outcomes. 

A good valuation model need not be comprehensive or sophisticated. It should, however, be relevant and 

useful in decision making, consistently reflecting but the key uncertainties and courses of action. In 

practice, such models are rare. Companies usually build decision tree models that reflects uncertainties 

and decisions but use a valuation model with a company–wide discount rate to estimate the “expected net 

present value” of the outcomes. This one-size-fits-all assessment potentially overvalue the less uncertain 

(and underrates the riskier) outcomes. In this paper we illustrate how such disjoined risk-adjustments 

could mislead decision making.  

The company–wide discount rate is the Weighted Average Cost of Capital (WACC)2 accounting for the 

collective cost of borrowing and risk. Modigliani and Miller (1958) show that the companies create 

shareholder value if their cash flows yield greater than their WACC. The scheme works fine on the 

aggregate level. Yet, at project-level, inconsistencies appear3. Each project is unique. A frontier 

exploration project has a quite different risk profile than, e.g. a pipeline installation project. Using WACC 

for discounting all projects’ cash flows is a flaw of averages. As pointed out by Arditti (1973) and Myers 

(1974), and explained in Brealey, Myers, and Allen, (2012) or Megginson and Smart (2008), the one-size-

fits-all approach could It could result in sub-optimal value creation. 

To restore consistency, we could adapt the risk-adjustments to a project’s risk characteristics. There are 

two alternate ways: we either adjust the discount rate or the project cash flows. To adjust the discount 

rate, we look for comparable securities in the market with riskiness matching our project. Using the 

Capital Asset Pricing Model (CAPM), we calculate the beta of comparable securities and take account of 

the project’s financial and operational leverage (Fama, 1977, or Myers and Turnbull, 1977). In an 

alternative approach to valuation, we risk-adjust the cash flows using market information. For commodity 

projects, hedging instruments (like futures, forwards, and options contracts) show a riskless view of the 

prices. Adjusting cash flows with these prices and discounting them with the risk-free rate leads to the 

same value as the traditional approach. This second method, common in the real options literature 

accounts for risk closer to its source but otherwise is inherently like the CAPM-based approach (e.g. 

Brennan and Schwartz, 1985, or Paddock et al, 1986, and formulated in e.g. Black, 1988, and Sick, 1986). 

While this approach is more effortful, we believe the resulting transparency and consistency justifies 

further efforts4. 

 
2 Defined as WACC = 𝑟𝐸

𝐸

𝐸+𝐷
+ 𝑟𝐷

𝐷

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

E are the market values of debt and equity respectively. 
3 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 organization.  
4 One could argue that customized valuations lead to criticism of corporate assumptions and endless debates. 

However, we believe companies that effectively manage such corporate exchange of ideas benefit from transparency 

and insight that leads to better decisions. 
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The approaches to valuation are not fundamentally different, they both consider time and riskiness of cash 

flows. As shown in Black (1988), the difference is where the risk-adjustment takes place. In this paper, 

we implement the second approach—called the integrated valuation in Smith and Nau (1995). Here, 

adjusting cash flows for risk is like calculating their certainty-equivalent; i.e. estimating certain cash 

flows that have the same value as the risky cash flows. Because they are certain-equivalent, we discount 

these cash flows using the risk-free rate. This approach applies well to the dynamic decision models of 

big bets. 

Our valuation model fits the general corporate decision procedure. Built on the decision analytic 

framework of Smith and Nau (1995), besides being consistent with probabilistic models and corporate 

capital structure, it also accommodates dynamic decision making. It may, however, seem that this 

approach requires more judgement and managerial estimates. We believe the benefits justify the added 

efforts. Why? Following Arnold and Shockley (2010), we will show that both the risk-neutral and 

WACC-based methods are based on identical principles of linear pricing. With the same underlying 

assumptions, the extra efforts in our implementation is about rethinking normally neglected assumptions 

that are crucial to valuation. This improves consistency and leads to more effective decisions. 

In discussing potential bias in valuation approaches, it is useful to start by defining the goal of the 

valuation. In a corporation funded with publicly traded securities, or one mandated to function as if it 

were, this goal is to maximize the financial market value of the assets involved. Traditional valuations 

estimate such values. Decision makers know of the ways in which a WACC-based approach does not 

properly estimate value. Nevertheless, many of these same people also assume that whether these values 

are “right” in an absolute sense or not, the corporate-wide use of a single discount rate has the virtue of 

penalizing all decision alternatives equally, and so preserving the relative ranking of the alternatives. But 

this usually will not be the case. Different valuation tools will not simply return different absolute value 

estimates but different relative rankings of managerial choices. 

Using an example of hydrocarbon exploration, in this paper we illustrate and discuss the implementation 

of the integrated approach. The next section discusses the inconsistencies in the traditional valuation 

models based on the corporate-wide risk-adjusted rate. Then in section 3, we discuss the integrated 

valuation approach and show how it resolves the inconsistencies. In section 4 and 5 we apply our model 

to a petroleum exploration investment and discuss practical aspects. Section 6 concludes.  

2. Valuation Methods 

2.1. Caveats of Using WACC in Decision Models 

Most companies use the Capital Asset Pricing Model (CAPM) to determine their WACC. While this 

discount rate applies to the firm valuation, using it for project appraisals implies that the project has the 

same risk level as the average business5. In practice, most projects are not average, and even if they are, 

they do not remain at that level. Management can change a project’s course as the uncertainty resolves, 

changing the risk characteristics of the remaining cash flows. Using the company-wide discount rate in a 

decision model implies average riskiness across all outcomes while not all those possibilities have 

 
5 A survey of 392 CFOs by Graham and Harvey (2001) showed that majority of companies use WACC based on 

CAPM, applying a company–wide discount rate to all their projects. 
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identical, or even average, risk. These biases could potentially mislead decision making because they 

result in a misrepresentation of the risks and return characteristics of the project. 

Consider drilling for oil or gas, an investment with uncertain outcomes. It could lead to a dry hole, i.e. a 

net loss, or a discovery, the value of which is yet uncertain because a discovery could be of a variety of 

qualities or sizes. Discoveries below a minimum recoverable volume are still non-commercial. Even 

more, the value of a commercial discovery still depends on the cost of production and hydrocarbon prices. 

Figure 1 shows a decision model for petroleum exploration. Here, the value depend on the probability of 

success, the chance of a commercial discovery, and the probability distribution of the possible sizes of 

discovery.6 We model these technical uncertainties in the tree and account for the material remaining 

uncertainties by discounting the cash flows with the company’s WACC. 

 
Figure 1 Decision tree model for an exploration project 

This model considers key sources of risk, either within an uncertainty node in the decision tree or in 

discounting of cash flows with a company-wide rate. It draws a distinction between technical and public 

risks. Admittedly, this model works well so long as it reflects key decisions and uncertainties. However, 

as discussed above, inconsistencies arise in such a one-size-fits-all approach. 

• Outcomes with different risk levels: Discounting cash flows with WACC implies all courses of 

action lead to outcomes of average systematic risk. Obviously, the outcomes of drilling a wildcat 

well have distinct risk levels. The cost of dry hole is almost certain but a discovery leading to 

development and years of hydrocarbon production is significantly more uncertain. Risk even 

varies by the size of a discovery. A large find is more expensive to develop but produces more 

over longer terms. Compared to a small discovery, such a large project is riskier. A decision 

model that discounts cash flows of all these outcomes with a single discount rate penalizes the 

less risky, and favors the riskier, outcomes. 

 
6 Focusing only on key aspects, the decision tree is clearly a simplification of the real investment context. For 

example, we only show three representative scenarios (high, medium, or low) for a commercial discovery that in 

practice could be of a range of sizes. In addition, our chance of commercial discovery depends on a minimum 

volume that is itself uncertain and depends on future prices of hydrocarbons. These simplifications deviate from 

realism but are central to a useful model, known as cogency versus verisimilitude (Bratvold and Begg, 2009). 
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Proponents of CAPM argue that WACC only reflects the systematic risk, i.e. variations in value 

of the company’s stocks with respect to the aggregate economy. Because the shareholders 

themselves can remove the unsystematic risk by diversification, we only compensate them for 

their exposure to systematic risks, as shown in CAPM beta. They argue that if valuation models 

explicitly describe unsystematic risks and discount cash flows for their systematic risks, they are 

consistent. Again, this interpretation of beta in valuations is misleading. One outcome of the 

exploration drilling decision, such as medium sized discovery, may have a systematic risk 

comparable with the systematic risk of the company’s stocks, while other outcomes, such as dry 

hole, may have no systematic risk at all, entirely independent of the movements in the economy. 

Discounting with one rate implies we assume all outcomes have identical risk levels. 

• Ignoring or Double-Counting risks: Unless a company is purely in exploration business, 

drilling for oil or gas is usually a subset of all the upstream activities the firm undertakes; it would 

not be of their average investment grade. For example, in a medium-sized upstream company, 

investments in development and production dominate the risk of business. The WACC reflects 

such a bundle of projects, hardly showing the risk and return in exploration. Besides, WACC also 

reflects inherent real options—the so-called follow up bets7 in exploration (e.g., Berk, Green, 

Naik, 1999, and Da, Guo, Jagannathan, 2012). If we account for project flexibilities in the 

decision tree (or any other decision model) together with over-discounting the cash flows to 

compensate for their effect, then we are double counting such flexibilities. 

• A Static Risk Measure for Dynamic Decisions: With the managerial flexibilities, we can create 

value as uncertainties resolve. In the exploration drilling example, we will use a stand-alone 

platform development if a discovery is large enough. Or, we defer further drilling if prices drop. 

We use these “if-then” statements in the model to make decisions leading to outcomes with 

distinct risks. Decision makers can also actively reduce or resolve uncertainty. Drilling an 

appraisal well, or conducting seismic surveys lead to an improved understanding of the 

subsurface and partly resolves uncertainty. The risk of the outcomes with or without the added 

information would be different. Yet, in the traditional cash flow analysis, the static risk 

discounting does not account for arrival of information and evolution of uncertainties (discussed 

in Myers, 1974).  

Most firms also react to changes in market variables. If, for example, oil prices rise and lead to 

the drilling of wildcat wells but drop right after we discover resources, then we may decide to 

defer (or quit) field development based on our newly gained insights. We avoid investing in an 

inferior project that could result in further losses. Most companies are aware of such options and 

routinely put them to use, but without a systematic model of oil price behavior and a consistent 

valuation approach, it is difficult to identify and articulate these options and the decisions that 

ensue. Valuations that include such price options need to explicitly separate technical and public 

risks. 

To make matters worse, Fama and French (1997) report common standard errors of more than 3% for cost 

of equity in industries. Such errors lead to errors in WACC and confuse the valuations. Most decisions are 

 
7 Drilling a “play opener” wildcat is an example of exploration with significant follow-up opportunities. Its value is 

in the information it provides about other nearby prospects. Another example is price options. Even though current 

oil prices are irrelevant to the economics of drilling, exploration activities often accelerate or decelerate with 

changes in prices. Here, companies see the current prices but capitalize on their outlook. 
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sensitive to the value of their outcomes and with such errors in valuation the decisions sways with slight 

changes in the discount rate. 

Technical inconsistencies aside, using CAPM and WACC in valuations has a practical appeal. Most 

corporations have built their valuation methods around these theories. It is also likely that the managers 

know about the above shortcomings but sacrifice consistency in favor of standard analysis. In principle, it 

is possible to redress such corporate valuations. We could model uncertainties in the decision tree and 

devise a discount rate that stands for the remaining uncertainties (discussed in Jafarizadeh and Bratvold, 

2019, implemented in Appendix A). Yet, we believe another valuation method that does not explicitly 

rely on CAPM but still converges to the same results confirms the reliability of analysis. It also points out 

the inconsistencies when the approaches do not converge. 

2.2. Risk-Neutral Valuation 

Despite the apparent differences, traditional valuations based on CAPM and the risk-neutral method are 

fundamentally identical. They differ only in the way they take risk into account. In traditional valuations, 

we estimate the cash flows and discount them at a rate that reflects both the time value of money and risk. 

Using CAPM, the risk is the co-movement of cash flows with the aggregate consumption—the market 

return. Alternatively, we could dial this same interpretation of risk into cash flows and discount them only 

for time. Rearranging the risk adjustments should not affect the results. 

Adjusting cash flows, or factors within the cash flows, for risk seems even more natural. The traditional 

approach, in its correct form, calls for project specific discount rates. They would depend on, as Myers 

and Turnbull (1977) show, project life, cash flow structure, and growth rate. In practice, this is more 

difficult for managers than readily adjusting a project’s cash flow estimates; a practice known in industry 

as “risking”. 

The mechanics of the risk-neutral valuation also follow that of the traditional approach. As in Black 

(1988) and Myers (1996), assume a project has a single future cash flow 𝐶 that is a linear function of a 

certain factor 𝑎, a risky factor 𝑏 (1 + 𝑟𝑓 + 𝛽(𝑟𝑚 − 𝑟𝑓)) and an independent random noise 𝑒. 

𝐶 = 𝑎 + 𝑏 (1 + 𝑟𝑓 + 𝛽(𝑟𝑚 − 𝑟𝑓)) + 𝑒 

 

(1) 

The risky factor is correlated with the market and has CAPM beta of β. The market return is 𝑟𝑚 and the 

risk-free rate is 𝑟𝑓. Therefore, 𝑏 (1 + 𝑟𝑓 + 𝛽(𝑟𝑚 − 𝑟𝑓)) is the future market value of 𝑏. Then what is the 

present value of 𝐶? The value of the certain factor today is  
𝑎

1+𝑟𝑓
 and the value of the risky element is 

just 𝑏. The independent noise has a value of zero. 

Present Value of 𝐶 =
𝑎

1 + 𝑟𝑓
+ 𝑏 =

𝑎 + 𝑏(1 + 𝑟𝑓)

1 + 𝑟𝑓
 

 

(2) 

Here, 𝑏(1 + 𝑟𝑓) is the certain-equivalent of the risky element 𝑏 (1 + 𝑟𝑓 + 𝛽(𝑟𝑚 − 𝑟𝑓)). The risk premium 

𝛽(𝑟𝑚 − 𝑟𝑓) performs this conversion. To calculate the present value of cash flow 𝐶, we have discounted 

its certainty-equivalent 𝑎 + 𝑏(1 + 𝑟𝑓) with the risk-free rate. 
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This is the kernel of risk-neutral valuation. We use the risk-free rate to discount the certainty-equivalent 

cash flows. To convert risky cash flows to their certain-equivalent, we use market information, as for 

example, through the capital asset pricing theories. Those risky cash flows that are highly correlated with 

the market have large betas and include larger risk-adjustments. Those less correlated with the market 

have small or no adjustments.  

3. Integrated Valuation  

3.1. Derivative contracts to Estimate Certain Equivalent 

Using CAPM arguments, we can risk-adjust any uncertain factor. The level of co-movement of a factor 

with the market shows its risk. If possible, we could also risk-adjust a factor using the instruments within 

the derivative markets. For example, the contracts that hedge price risk—forward, futures, and options—

show the certain-equivalents of prices. 

For crude oil and natural gas, forward and futures contracts effectively hedge price risks. Producers use 

these contracts to deliver their products to their customers at a specific date, at an agreed price. Customers 

use these contracts to avoid price variations. With this, the futures and forward contracts reveal a risk–free 

expectation of the prices in the future. If we estimate project cash flows with these contracts, we have 

effectively calculated their certain equivalents. 

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 depends on the price of oil at time 𝑇, say 𝑆𝑇, leading to the expected cash flow E(𝑆𝑇) ×

𝑄. Traditionally, to calculate the present value of this cash flow, 𝑉(𝑡 = 0), a company uses the risk 

adjusted rate 𝜇 for discounting. 

𝑉(0) =
E(𝑆𝑇) × 𝑄

(1 + μ)𝑇
 

 

(3) 

Instead of this uncertain deal, the company can use a futures contract and hedge the price risk. By selling 

oil with a futures contract 𝐹0,𝑇 for delivery at 𝑇, the cash flow becomes risk–free. The value of this cash 

flow should be the same as the value of the risky cash flow. 

𝑉(0) =
𝐹0,𝑇 × 𝑄

(1 + r𝑓)
𝑇 

 

(4) 

By substituting 𝑉(0) from equation (3) in equation (4) we get 

E(𝑆𝑇)

(1 + μ)𝑇
=

𝐹0,𝑇

(1 + r𝑓)
𝑇 

 

(5) 
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In other words, the futures price for delivery at time 𝑇 discounted with the risk–free rate r𝑓 is the present 

value of one barrel of oil sold at time 𝑇. In addition, the price of a futures contract is the certain equivalent 

of the uncertain future spot prices. It is the expected spot price discounted for risk but not for time.8 

𝐹0,𝑇 =
𝐸(𝑆𝑇)

(1 + 𝜇 − 𝑟𝑓)
𝑇
 

 

(6) 

We could extend the discussions above to the valuation of projects with multiple cash flows. The value of 

a series of cash flows is the sum of their present values—either discounting risk-adjusted cash flows with 

risk free rate or discounting the expected cash flows with risk adjusted rate. If a project’s cash flows are 

risky because prices are uncertain, then the value 𝑉(0) is  

𝑉(0) = ∑
E(𝑆𝑇) × 𝑄𝑇 − 𝐶𝑇

(1 + μ)𝑇

𝑛

𝑇=0

= ∑
𝐹0,𝑇 × 𝑄𝑇 − 𝐶𝑇

(1 + r𝑓)
𝑇

𝑛

𝑇=0

 (7) 

Here, 𝑄𝑇 and 𝐶𝑇 are respectively the production and cost at time 𝑇 and assumed to be certain. 

In Table 1, we apply these valuation methods to a project that produces one thousand barrels of crude oil 

every year for the next ten years. We could either estimate expected cash flows by multiplying the 

production by the expected prices, or, estimate its certain equivalent by multiplying production by prices 

of futures contracts. We then discount the expected cash flows with project WACC, or, discount the 

certain equivalent cash flows with the risk-free rate. If 𝜇 = 6% and 𝑟𝑓 = 4% respectively represent the 

project WACC and the risk–free rate, then the value of both cash flow streams converges. Figure 2 shows 

the relationship between expected and risk-neutral prices we used to estimate cash flows (Appendix B 

estimates project WACC). 

Table 1 Project NPV calculated with expected and forward (risk–neutral) prices  

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

Expected Prices E(ST) in USD/bbl 43.0 45.5 47.9 49.6 51.6 53.4 55.4 57.3 59.4 61.3 63.2 

Futures Prices F 0, T in USD/bbl 43.0 44.5 45.8 46.5 47.4 48.2 49.1 50.0 51.0 51.9 52.8 

Expected Cash Flow (USD1000) 0 45.5 47.9 49.6 51.6 53.4 55.4 57.3 59.4 61.3 63.2 

Certain Equivalent Cash Flow (USD1000) 0 44.5 45.8 46.5 47.4 48.2 49.1 50.0 51.0 51.9 52.8 

Net Present Value 394 (expected cash flows discounted at 7%)      

Net Present Value 393 (certain equivalent cash flows discounted at 4%)   

 

 
8 Here 𝜇 − 𝑟𝑓 is the risk premium. For most investment assets like stocks, the risk-neutral rate 𝜇∗is equal to the risk 

free rate 𝑟𝑓, but this does not generally hold for consumptions assets like commodities. For example, in crude oil 

 𝜇∗ = 𝑟𝑓 + 𝛿 + 𝛾, where 𝛿 is the storage premium and 𝛾 accounts for the convenience yield (McDonald, 2014). Still, 

the valuation method comes down to discounting the certain-equivalent cash flows with the risk-free rate. 
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Figure 2 Relationship between expected and risk neutral prices 

While in theory the result of the valuation approaches should be the same, their practical implementations 

are distinct. In the traditional approach, we need estimates for 𝜇 and expected prices, both indeterminate 

quantities. Companies resolve to a corporate planning price and a chosen discount rate, often centrally 

updating them as the economy evolves. In the integrated approach, it is more straightforward to use 

market parameters like the risk–free rate and futures prices. Yet, as these parameters also evolve, 

companies still need to keep constant corporate assumptions in a specific time interval like a month or a 

quarter to support their corporate workflows. A successful implementation of a novel approach needs 

corporate commitment. Aside from these, we believe the risk-adjustment at project cash flows level is a 

more natural approach to valuations. Project managers and decision makers often have a good 

understanding of the risk factors within their projects and more easily adjust for these risks. Overall, we 

believe the benefits in better decision making justifies the added efforts. 

3.2. Market vs Private Risks 

We used market information to assess the public risks of cash flows, but to evaluate business bets, we 

also need to assess various courses of action. A course of action could lead to multiple outcomes, each 

with a distinct stream of cash flows. Yet only one could happen. The decision to take the bet depends on 

the expected utility of courses of action. 

If a project leads to 𝑛 outcomes at time 𝑇, then today’s value 𝑉(0) of this uncertain bet depends on the 

decision-maker’s risk attitude. We present risk attitudes using marginal utilities 𝑢(0) now, and 𝑢(𝑇) at 

the end of period, 𝑇. The value is  

𝑉(0) = E(
𝑢𝑖(𝑇)

𝑢(0)
𝑉𝑖(𝑇)) ,    𝑖 = 1,… , 𝑛 

 

(8) 

Where 𝑉𝑖(𝑇)s are the uncertain outcomes that the asset can have at the end of the period, and 𝑢𝑖(𝑇) are 

the marginal utility for each outcome. In other words, the value of the asset is the expected value of its 

outcomes at 𝑇 weighted by 
𝑢𝑖(𝑇)

𝑢(0)
, the ratio of the marginal utilities at the end to the marginal utility at the 

beginning of valuation period. We call this ratio the “stochastic discount factor” because equation (8) 

effectively gives the expected value when we weight future outcomes by marginal utility and probability. 

For 𝑛 future outcomes each with probability 𝑝𝑖, we can rewrite equation (8) as 
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𝑉(0) =∑𝑝𝑖
𝑢𝑖(𝑇)

𝑢(0)
𝑉𝑖(𝑇)

𝑛

𝑖=1

 

 

(9) 

We will use a risk–free asset to transform equation (9). We multiply both sides of equation (9) by 

(1 + 𝑟𝑓)
𝑇

 and we get 

𝑉(0)(1 + 𝑟𝑓)
𝑇
=∑𝑝𝑖

𝑢𝑖(𝑇)

𝑢(0)

𝑛

𝑖=1

(1 + 𝑟𝑓)
𝑇
𝑉𝑖(𝑇) 

 

(10) 

We further define new probabilities 𝑝𝑖
∗ = 𝑝𝑖

𝑢𝑖(𝑇)

𝑢(0)
(1 + 𝑟𝑓)

𝑇
, also called risk–neutral probabilities, and 

rewrite equation (10) as 

𝑉(0) =
E∗(𝑉𝑖(𝑇))

(1 + 𝑟𝑓)
𝑇  

 

(11) 

Where E∗(. ) is expectation with respect to risk-neutral probabilities. In other words, the value of any 

uncertain bet is the expected value of its future outcomes under risk–neutral probabilities discounted by 

the risk–free rate. 

In integrated valuation, we model all risks using risk-neutral probabilities and discount them with the 

risk-free rate. The risk-neutral probabilities are readily available for factors that can be hedged using 

market instruments. The derivative contracts show a risk-free outlook for these factors. On the contrary, 

factors that cannot be hedged have private risk. Their risk-neutral probabilities are the same as their 

assessed probabilities—for a risk neutral investor, the utility does not change with risk, therefore for 

factors uncorrelated with the market equation (8) returns the same probability as the assessed probability 

(Smith and Nau, 1995, Smith, 2005).  

3.3. Guidelines to Implementation 

We discussed the mechanics of the integrated approach, but valuations are more than discounting cash 

flows or calculating expected values. The benefit of any analysis, including valuations, is in the clear 

thinking and improved decision making. While any project is unique, we can devise a general process that 

helps most valuations practice. 

• The “bet like” nature of investments and their multiple outcomes: Usually, projects are like 

“options”. We invest in projects with unknown outcome, but once we take an irreversible course 

of action—like drilling a wildcat well—and the uncertainties resolve, then we would know about 

the outcome. Most outcomes are yet uncertain and lead to further decisions and uncertain factors. 

For example, drilling for oil could lead to a discovery but it will not create value unless developed 

into a producing field with favorable economics. Drilling a well is like an “option” that if 

succeeds, opens the door to further development and production decisions. For any investment, it 

is important to identify key decisions, uncertainties, and the later arising “follow-on” 

opportunities. 

• Modeling key uncertainty and risk: Investment should create value for shareholders; therefore, 

their risk and uncertainty are about how they could fail to deliver on this goal. We consider if the 



11 

 

value of a project, or an element within a project, co-move with the economy. Greater co-

movements (higher CAPM beta) mean the factor has more systematic risk. We should 

compensate proportional to its systematic risk for a factor to be attractive. The unsystematic risk 

that does not co-move with the market requires no compensation as the investors themselves can 

mitigate this risk through diversification. 

In integrated valuation, we apply these same principles through classifying risk into “market” and 

“private”. We use market instruments to hedge “market” risks and calculate a certain equivalent 

from the market point of view. Futures, forward, and option contracts show such risk-neutral 

views. On the contrary, those risks we cannot hedge in the market are “private” and project 

specific. They do not call for compensation and do not need any adjustments. 

• Cash flow estimation: For a bet, each eventuality would have a distinct financial consequence. 

We model key decision and uncertainties in a decision model, and the cash flows tell the rest of 

the story. These cash flows will be uncertain mostly because prices are uncertain. Using 

derivative markets, we estimate the certain-equivalent prices, which leads us to certain equivalent 

cash flows for each outcome of a bet. We then calculate the present value of the stream of certain 

equivalent cash flows by discounting them using the risk-free rate. 

The decision to take a bet depends on the expected value for each course of action. However, future 

bets are usually the result of fruitful past bets. It is important to consider the future opportunities that 

a course of action may open (or close) the door to and consider the value of learning. 

4. Applications in Petroleum Exploration Valuation 

4.1. Drilling A Wildcat Well 

Most upstream companies undertake multiple exploration drillings every year, an uncertain venture with 

great odds of failure. With success rates of about one in three,9 most exploration wells have historically 

led to dry holes, making them one of the most expensive gambles. Hydrocarbon resources are 

increasingly hard to find, and the costs have mostly increased, so even with modern technologies that 

enhance our subsurface understanding, drilling for hydrocarbon is still uncertain. Discoveries are lucky 

outcomes, and even good decisions could lead to dry holes. However, consistent valuations ensure that we 

do not fail because of faulty assessments or bad decisions. 

Assume it costs USD 5 million to drill an exploration well in a promising area with the chance of 

success 𝑝𝑔 = 75%. Here, not all discoveries are commercial.  The subsurface is uncertain, and there is 

only 40% chance that the discovery is commercial. We could gain more information by drilling an 

appraisal well that costs USD 15 million, but this added information is also not perfect either. The 

appraisal information has 80% reliability—it has correctly predicted commercial or non-commercial 

conditions in 80% of the times and generated false predictions in the rest. What is the best course of 

action? 

 
9 Naturally, the success rate differs depending on the region and the geological understanding. Exploration in 

frontier areas is less successful than mature regions. In the Norwegian Continental Shelf, the average historical 

success rate is 42%. It varies by region and has steadily increased as our geological understanding has improved 

(data available from the Norwegian Petroleum Directorate, www.npd.no) 
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Even with modern tools, exploration is uncertain because of the inherent lack of knowledge. We will 

never know if the hydrocarbons exist unless we drill. Even a successful wildcat well seldom leads to an 

understanding enough to justify development. Still, more information is not always better. The expected 

benefits from information should outweigh its costs. Valuation is the process of assessing the worth of a 

course of action and its added insight. We take a bet based on the expected value of its cash flows in the 

future. 10 

The valuation model should account for the uncertainties and challenges of discovering, developing, and 

producing economic amounts of hydrocarbons. First, the decision whether to drill a wildcat well, and later 

an appraisal well, depend on the probabilities of success and a commercial discovery. Historically, we 

have compared results from appraisals with the actual commercial successes or failures. Here, we need 

the chance of commercial success given the results. In other words, appraisals in the past 

give P(outcome | commercial) while for drilling decisions we need P(commercial | outcome). Figure 3 

shows the probability tree of historical performance of appraisal tests along with the reverse tree showing 

the conditional probabilities fit for our valuation model. 

 
Figure 3 appraisal test with 80% reliability (probability tree on the left) leads to conditional probabilities for 
commercial and non–commercial outcomes given test results (reverse probability tree on the right). We 
used Bayes theory to calculate conditional probabilities. 

If the wildcat well is successful, the risk of failed development is still high. We consider drilling an 

appraisal well for the added insight, and we would walk away from this investment if its result is 

negative. However, the appraisal well is optional. Drilling depends on the value of the added insight. In 

addition, the value of information also evolves. It takes a year to interpret the data and prepare for 

drilling. By then, changing prices have changed the economics and the development project. This means 

we would take different courses of action depending on whether the prices have soared or crashed. The 

decision tree of figure 4 shows the decisions, uncertainties, and probabilities defining those uncertainties. 

 
10 Even though decision making based on expected value is consistent with the goal of shareholder value 

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

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

replacement rather than value creation. We recommend companies act on expected value if the risks are not so large 

as to endanger their existence. 
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Figure 4—A decision tree model showing the decision and uncertainties of the exploration project. 
Conditional probabilities for chances of commercial discovery are from earlier analysis (figure 4).  

A tie-back development, the only solution we consider, costs USD 150 million. We expect a commercial 

discovery to have 10 MMbbl in-place oil and produce annually 10% of the remaining in-place volume for 

ten years. In a non–commercial outcome, we expect 3 MMbbl in-place oil and five years of production. 

We could continue to development without the appraisal information and save USD 15 million on the 

costs, but this has higher odds of developing a discovery that later proves non-commercial. In that case, 

the revenue from production would not cover the costs, resulting in negative net present value. 

4.2. Modeling Key Uncertainties 

In our frame (figure 4) we distinguish three sources of uncertainty affecting the drilling decisions: a 

technical success, a commercial discovery, and the level of oil prices. All are intimately related. For 

example, technical success is discovery of any size, from traces of oil to giant accumulations, but only 

above an economic threshold a discovery is commercial. Being commercial depends on oil prices. In a 

high price scenario, even small discoveries are commercial, while low prices make even large finds non-

commercial. Uncertain prices affect the chance of a (commercial) discovery.11 

 
11 Even estimating the chance of success in a hydrocarbon prospect, a seemingly “geological” estimate that 

considers the joint probability for the existence of source rock, hydrocarbon charge, and seal, cannot ignore the 

decision about well location and angle of penetration. Uncertainties interrelate with decisions. However, as in any 

analysis, our goal is not to be as realistic as possible but to make useful models for decision making.  
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In our valuation we further draw a distinction between uncertain factors. Unlike oil prices (market risk), 

we cannot hedge the risk of dry hole or non-commercial discovery in the markets, therefore they are the 

private risks in our valuation. Yet, a commercial success—what matters to a business—interrelates with 

oil prices. Our assumptions about oil prices, as in figure 5, affect the probability of commercial discovery. 

Low prices lead to higher “minimum economic volume” that covers the costs, but with high prices, even 

small discoveries are commercial. This means that the chance of commercial discovery is a compound 

conditional probability depending on both technical success and oil prices. In our decision tree model, the 

probability of a commercial outcome given high or low prices should have been different.12 

 
Figure 5 commercial outcomes and their chance of success 

Prices come into play only when we sell the hydrocarbons. Most discoveries have their first oil in years 

and produce for decades. Naturally, prices vary through stretches of time. Yet, drillers only see today’s 

prices. How could they make informed decisions? Forward and futures contracts offer a glimpse of the 

future. While hedging price risk using market instruments at the time of exploration is neither possible 

nor desirable, the prices on these contracts still reveal a risk-free expectation of the future. They show 

how the market expects prices to evolve. 

The commodity derivative markets offer crude oil futures on West Texas Intermediate (WTI) and Brent 

as global benchmarks (Parsons, 2017). They are on specific grades of crude oil for delivery into specific 

geographical areas. WTI is for light sweet Texan oil delivered to Cushing, Oklahoma, and Brent is a 

tanker market in the North Sea. However, most exploration projects—say, drilling wildcat wells in west 

African costal basins—eventually produce other grade crude oil and in distant locations. There are no 

futures exchange markets to hedge such price risk. But we could still apply integrated valuation by 

accounting for the added “basis” risk, i.e. deviations from the standard futures contracts. As we show in 

Figure 6, for their inferior properties and distant location, some grades of oil trade at a discount compared 

to the global benchmarks. 

 
12 We discuss the compound conditional probabilities in Appendix B. Here, to keep the analysis simple, we reflect 

the dependency between commercial success and oil prices as an adjustment to the cash flows. 
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Figure 6 Basis risk and its effect on valuation 

To calculate the premium for basis risk, we could apply principles we discuss in Appendix B. For 

example, we could use the regression coefficient on comparable prices of our production and prices of 

WTI to estimate 𝛽 of the basis risk.13 

Unlike crude oil, hedging natural gas price risk is uncommon and impractical. The natural gas markets are 

entirely regional. Here, temporary local perturbations are common—natural gas is costly to store and 

transport, its price discovery depends on easy flow within interconnected pipeline networks, regulation 

restructuring, and enough volume of trades. Research suggests that regional markets (US, UK, and 

recently Northwestern Europe) could sufficiently offer means to hedge price risk (e.g. Parsons, 2017). In 

the integrated valuation, unless prices are hedge-able in these limited markets, they should be considered 

as private uncertainty.14 

4.3. Cash Flow Estimation 

Commodity prices evolve randomly and unpredictably yet still confined to the regulating forces of supply 

and demand. For crude oil, this results in a mean-reverting behavior, as in Schwartz (1997). We assume 

prices follow a simple mean-reverting process and at any period, they could go either up or down by a 

specific amount, as in a “binomial” model. Of course, price moves in the markets are not binary. We 

simplify the description to keep our decision model manageable. In a consistent description, even binary 

price ticks could reveal the effect of dynamics of economic conditions on the value of exploration 

opportunities (Jafarizadeh and Bratvold, 2019b). 

Assume the spot price at time 𝑡, 𝑆𝑡 = 𝑒
𝜒𝑡+𝜉, is composed of the constant 𝜉 (equilibrium price) and the 

mean reverting short–term deviation 𝜒𝑡. This mean–reverting element follows the process 

 
13 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. Our analysis assumes the basis risk has 

a constant premium. We believe it is a plausible assumption for corporate valuations. McDonald (2014) discusses 

basis risk in more detail. 
14 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). For NBP, delivery is to the UK entry points. This 

means even for projects close to these markets, variations in quality and means of access could leave prices un-

hedged. Natural gas prices have private risk, yet they co-move with oil prices and this should be included in the 

valuations (Appendix B). 
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d𝜒𝑡 = −𝜅𝜒𝑡d𝑡 + 𝜎d𝑧 (12) 

Where 𝜅 is the mean–reversion coefficient, 𝜎 is the volatility, and d𝑧 is the element of the Wiener 

process. In this process, the prices revert to the effective long run price of 𝑒𝜉+𝜎
2 4𝜅⁄ . With these 

parameters, we could also calculate the forward price 𝐹0,𝑇 for maturity at time T. 

ln(𝐹0,𝑇) = 𝑒
−𝜅𝑇𝜒 + 𝜉 + (1 − 𝑒−2𝜅𝑇)

𝜎2

4𝜅
 (13) 

As shown in Hahn and Dyer (2008), parameters of the binomial movements of 𝜒𝑡 are as follows: 

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 could move up to 𝑆𝑡

+ = 𝑒𝜒𝑡
++𝜉 or move down 

to 𝑆𝑡
− = 𝑒𝜒𝑡

−+𝜉.  

A project’s value does not necessarily move up or down together with spot prices. Value rises or falls 

jointly with future revenues. Applying high-price scenario to production forecasts leads to high revenue; 

likewise, low scenario leads to low revenue. Then, instead of spot price ticks, we need to model ticks in 

price scenarios. Is there a connection between prices now and far in the future? In an efficient market, 

prices reflect all the available information. Within our mean-reverting frame, equation (13) reflects the 

outlook of the prices in the future. 

We model the dynamics of the futures curve to show variations in price scenarios. The futures curve 

could move up or down tick when we consider drilling the appraisal well. Consistent with market 

information, the gray line in figure 7 shows the current futures curve. 15 In six months, when we will drill 

the appraisal well, we could either have an up or a down price scenario, as the dashed curves in the figure. 

These lead to an up or a down scenario for project value.16  

 
15 The longest delivery date for the futures contracts in ICE and NYMEX is in less than ten years. They mature 

much early to be useful for most project’s cash flow estimation. In practice, instead of real contracts, we use an 

extrapolation (as e.g. in Geman, 2009). 
16 The price ticks assume ∆𝑡 = 0.5, i.e. six months between drilling the wildcat and appraisal wells. The binomial 

model is less dependable over longer periods, requiring adjustments as in Jafarizadeh and Bratvold (2019b).  
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Figure 7 dynamics of prices (solid black lines) and the resulting futures curves (dashed lines). The gray 
line is the interpolated futures curve from market observations. 

The value of a discovery—whether commercial or non-commercial—depends on oil prices. Here, the 

high– and low–price scenarios lead to respectively high and low estimates of values (Table 2). As prices 

are certain equivalents, we calculate the (before tax) net present values by discounting cash flows with the 

risk-free rate. We further discuss Appendix C the effects of tax and debt on the discount rate. 

Table 2—Cash flow calculation for project outcomes under high– or low–price scenarios 

Price Up Scenarios:                         

Commercial Project:                         
Time 0 0.5 1 2 3 4 5 6 7 8 9 10 

Production (MMbbl)     1.0 0.9 0.8 0.7 0.7 0.6 0.5 0.5 0.4 0.4 

Price (USD/bbl) 42.9 47.8 48.4 49.4 50.1 50.7 51.1 51.4 51.6 51.7 51.8 51.9 

Cost (USD Million)     150                   

Cash Flow     -102 44 41 37 34 30 27 25 22 20 

Net Present Value 131 (with 4% risk-free rate)  

Non–Commercial Project:                        

Time 0 0.5 1 2 3 4 5           

Production (MMbbl)     0.3 0.3 0.2 0.2 0.2           

Price (USD/bbl) 42.9 47.8 48.4 49.4 50.1 50.7 51.1           
Cost (USD Million)     150                   

Cash Flow    -135 13 12 11 10           

Net Present Value -89 (with 4% risk-free rate)           

Price Down Scenarios:                       

Commercial Project:                         
Time 0 0.5 1 2 3 4 5 6 7 8 9 10 

Production (MMbbl)     1.0 0.8 0.7 0.7 0.6 0.5 0.5 0.4 0.4 0.3 

Price (USD/bbl) 42.9 38.6 39.9 42.2 44.1 45.6 46.8 47.9 48.7 49.3 49.9 50.3 

Cost (USD Million)    150                   
Cash Flow     -110 34 32 30 28 25 23 21 19 18 

Net Present Value 81  (with 4% risk-free rate)           

Non–Commercial Project:                       
Time 0 0.5 1 2 3 4 5           

Production (MMbbl)     0.3 0.3 0.2 0.2 0.2           
Price (USD/bbl) 42.9 38.6 39.9 42.2 44.1 45.6 46.8           
Cost (USD Million)    150                   
Cash Flow    0 -138 11 11 10 9           
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Net Present Value -97  (with 4% risk-free rate)           

4.4. Solution 

We now have all the elements in place to evaluate our exploration decision. The model’s story checks out: 

we drill a wildcat well, once we discover resources, we consider drilling an appraisal well to see whether 

the discovery is indeed commercial. Yet, price dynamics also affects the worth of the outcomes. We 

estimated the net present value of the outcomes and have used probabilities to describe uncertainties. 

Because uncertain factors are related, we used conditional probabilities to describe their relationship. 

The decision tree in Figure 8 shows the added insights. Here, drilling the wildcat well has a positive 

expected value if we follow the highlighted course of action, i.e. drilling the appraisal well only if the 

price expectation has gone up. If prices go down, we’d better walk away from this investment. The 

dynamics of prices clearly affect the expected values of the outcomes and the course of action we take. 

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

5. Discussions 
In contract to the traditional valuation that compensates for the overall risks, in this paper we discussed 

separately modelling key uncertain factors. It is more detailed and more effortful. It may not be the right 

approach to all investment decisions. However, we believe for most projects, the modeling efforts 

justifies the added understanding and decision insights (e.g. sequential exploration model in Jafarizadeh 

and Bratvold, 2020, or waiting options in Jafarizadeh and Bratvold, 2015). In addition, the approaches to 

valuation are not different in principles. They rely on identical financial principles of value creation and 
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only differ in where we account for risks. Thinking in terms of the alternative approaches to valuation 

would be insightful to most projects.  

In practice, the integrated approach is even more appealing. While it is possible to determine a single 

discount rate reflecting all risks, it causes practical problems. Each project would have a unique discount 

rate or, as Titman and Martin (2011) discuss, at least a matrix of discount rates for projects with different 

lengths and risk levels. In practice, variable discount rates are less appealing. Instead, managers often tune 

the cash flows for with their conservative views (a process called “risking” in the oil and gas industry) to 

account for specific uncertainties. In other words, they tend to risk-adjust the cash flows—or factors that 

cash flows depend on—and assess their certain equivalents. In this regard, we believe the integrated 

approach is a more natural choice in industry and, in addition, could explain deviations of practice from 

theory. 

Like any alternative to the mainstream approach, the certain equivalent valuation is also subject to 

criticism. Critics argue that the tracking portfolio—the foundation of the integrated approach as discussed 

in the real options literature—does not exist for all investments. In addition, they argue that because most 

projects are longer than farthest maturity futures contracts, for most companies, hedging price risk is 

neither desirable nor possible. 

However, with common theoretical foundations, rejecting one approach because of above criticisms is 

tantamount to rejecting the other. For example, the law of one price leads to the arguments about 

“tracking portfolio”. It says two assets having the same risk and return also have the same price. To value 

a real asset, we could instead find the value of a market portfolio with identical risk and return. It is 

difficult to find an asset in the market that has the same dynamics as the value of, e.g. an exploration well, 

so critics say, the integrated approach does not apply. Yet, as Arnold and Shockley (2002, 2010) show, all 

valuations including traditional WACC approach equally rely on complete markets and are alternative 

interpretations of the law of one price. This criticism is unfounded in general (markets are sufficiently 

complete) but even if it applies, it does not invalidate a specific valuation approach leaving the other 

intact. The other criticism about hedging not practiced in the real projects, is also irrelevant.  To use the 

integrated approach companies do not need to hedge, they only need “to be able to hedge” their risks. For 

most projects we could apply the certain-equivalent approach by considering basis risk. Any risk we 

cannot hedge (like the price of natural gas in remote locations) would be a private risk, we reflect its 

correlation with the market in our integrated valuation.  

6. Conclusions  
Most upstream oil and gas projects are not “average” projects in the industry. For them, the one–size–fits–

all approach to valuation can lead to inconsistent results and sub-optimal decisions. In this paper, through 

a consistent integrated valuation of an exploration opportunity, we illustrated and discussed how this 

approach can account for (previously neglected) complexities. These include value of information, 

(investing in more information to reduce risk) and value of flexibility (investing in building flexibility to 

capture the upside or reduce the downside uncertainty). Our solution is coherent, and we believe for most 

projects its benefits outweigh the added efforts of modeling individual risk–adjustments. 

The integrated valuation scheme calls for separating market and private uncertainties. Here, for example 

we adjust the uncertain oil prices using commodity derivative contracts. Private uncertainties, on the other 



20 

 

hand, are independent and not risk–adjusted. Our contribution in this paper is in the implementation of the 

integrated approach to upstream projects. Here, a multitude of private uncertainties (costs, prices for non–

traded products) link with the market, while even the seemingly obvious market uncertainties (such as oil 

produced in a remote location) could have basis risks. We argued that in a consistent and useful valuation, 

we should assess key sources of uncertainty and make simplifying assumptions.  

The approach suggested here will transform implicit assumptions into explicit ones. We appreciate that 

the increased transparency comes at a cost of increased complexity. We would argue that the complexity 

is “out there” in the business environment and should not be ignored. The valuation approach merely 

reflects it. A major advantage of the integrated valuation approach, however, is that its structure 

encourages, indeed requires, a rich discussion and quantification of the relevant and material uncertainties 

as well as the identification of future options that can be used to manage these uncertainties . This 

provides more levers for corporate managers to pull and requires more consistency on the part of project 

champions. 

We implemented the valuation frameworks of this paper in the accompanying spreadsheet. This file also 

includes the market data used in the tables and figures: 

https://www.dropbox.com/s/v7e5wk6cwhxnii2/Data%20and%20Method.xlsx?dl=0 
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Appendix A—Project Discount Rate 
We discussed that even with different approaches, consistent valuations lead to similar value estimates 

and same course of action. The integrated valuation is a versatile approach in that it allows consistent 

modeling of market and private uncertainties. However, with subtle inconsistencies, we could also apply 

CAPM and assess the project in our earlier example. We model key decisions and uncertainties in the 

decision tree (Figure 9), estimate cash flows using expected prices (not the risk neutral prices we used 

earlier), and discount them with a rate that reflect all the remaining uncertainties. Here, as we implicitly 

account for the price risk in the project discount rate, we cannot explicitly model its dynamics in the 

decision tree, a slight inconvenience for this blanket risk discounting. 

To estimate the project discount rate, we first consider the risk and return tradeoff in a company’s stock. 

Reflected in its CAPM beta, the stock return is closely related to its co-movement with the market. The 

higher the beta, the higher its degree of co-movement with the market and the higher systematic risk. The 

return should then compensate for this systematic risk to the investors. In CAPM, the expected return of a 

stock, E(𝑟), is proportional to beta and the market risk premium (E(𝑟𝑚) − 𝑟𝑓) 

E(𝑟) = 𝑟𝑓 + 𝛽(E(𝑟𝑚) − 𝑟𝑓) 

 

(A-1) 

However, the risk and return characteristics of a project could be entirely different from the company’s 

stock. When companies use financial leverage (debt) or when they invest in projects that have embedded 

real options, their stock beta especially overestimates their risks. For a fair estimate of project beta, we 

should first remove the effect of financial leverage and real options. 

Following the procedure in Jafarizadeh and Bratvold (2019), we refine the CAPM stock beta by first 

using the information about corporate capital structure and compensating for the effect of financial 

leverage. Then we use measures like “market to book ratio” (that reflect market belief about value 

https://secure.spee.org/resources/annual-speesurvey
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compared to book value devoid of real options) to rectify the effect of real options. This procedure leads 

to uniform beta estimates for projects across an industry, suggesting close risk and return tradeoff across 

normal cash flows. In upstream petroleum industry, we attribute this beta to the main source of 

uncertainty in the cash flows, the hydrocarbon prices. 

For our example, assuming the company has 50% debt financing at 4%, market risk premium is 5%, and 

project beta 0.8 (Jafarizadeh and Bratvold, 2019), the project WACC will be 50% × 4%+ 50%×

(4%+ 0.8 × 5%) = 6%. This rate applies to the project cash flows estimated from expected prices in 

table 1. For the two outcomes in our example, a commercial and a non-commercial discovery, we further 

show in Table 3 the expected cash flows and their net present value estimates. 

Table 3— Cash flow calculation for project outcomes 

Commercial Project                       

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

Production (MMbbl)  1.0 0.9 0.8 0.7 0.7 0.6 0.5 0.5 0.4 0.4 

Price (USD/bbl) 43.0 45.5 47.9 49.6 51.6 53.4 55.4 57.3 59.4 61.3 63.2 

Cost (USD Million)  150          

Cash Flow  -104 43 40 38 35 33 30 28 26 25 

Net Present Value 120 (with 6% project discount rate)            

Non–Commercial Project                      

Time 0 1 2 3 4 5           

Production (MMbbl)  0.3 0.3 0.2 0.2 0.2           

Price (USD/bbl) 43.0 45.5 47.9 49.6 51.6 53.4           

Cost (USD Million)  150               

Cash Flow  -136 13 12 11 11           

Net Present Value -90 (with 6% project discount rate)             

 

Finally, Figure 9 shows that the value-maximizing course of action in our example is to drill the appraisal 

well if the wildcat is successful. As the discount rate stands for price risk, we cannot explicitly model its 

dynamics in decision tree. Doing so it would double count the price risk. Yet, the expected value is close 

to the earlier estimate from the integrated valuation even though the decision model is inexorably 

different. 
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Figure 9 Decision tree model for value of information from appraisal test 

In our project, changing the discount rate alters the recommended course of action. As in Table 4, using a 

discount rate above 8% makes “drilling wildcat” non-viable. Still, elevated discount rates are 

commonplace in the oil and gas industry. For example, the survey by the Society of Petroleum Evaluation 

Engineers (SPEE, 2018) revealed most respondent used a discount rate close to 10%, the discussion 

papers by the International Valuation Standard Council (IVSC 2012) showed discount rates of 10%-15%. 

Table 4 Sensitivity of value to changes in discount rate 

Discount rate Expected Value Course of Action 

7% 2 Drill appraisal well before developing a discovery 
9% 0 Walk Away 
11% 0 Walk Away 

15% 0 Walk Away 

Appendix B—Partially Complete Markets and Correlated Risks  
When discussing integrated valuation, we implicitly assumed that the markets are complete; i.e. we can 

find assets in the market with the same dynamics as the real asset. Therefore, two assets with identical 

cash flows should have identical values. The valuation is based on this “replicating portfolio” of market 

securities. 

Is there a replicating portfolio for a petroleum exploration bet? There is hardly a single asset with the 

same dynamics, but we could think of a combination of underlying uncertain factors. In an exploration 

asset we could consider market counterparts for macroeconomic variables such as prices, exchange rates, 

or interest rates. However, the uncertainty about existence of subsurface hydrocarbons does not have a 

replicating pair in the market. Using insights from Smith and Nau (1995), as earlier discussed, we could 

find a replicating portfolio in such a “partially complete” market by using risk-neutral probabilities to 

describe market risks and assessed probabilities for technical risks.  
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In practice, the uncertainty in drilling costs or LNG prices—although related to the market—cannot be 

hedged using trading instruments17 and we consider them technical risks. These variables are partially 

correlated with market risks. For example, drilling rig costs are correlated with oil prices, or in a larger 

context, with the market as a whole. We could define the expected growth rate for exploration cost 

conditional on market growth. For example, if exploration cost at time 𝑇, denoted by 𝐶𝑇, is correlated 

with the S&P 500 market index with correlation factor 𝜌, then the expected growth rate for exploration 

cost conditional on market growth is 

𝜇𝐶 |𝑚 = 𝜇𝐶 − 𝛽(𝜇𝑚 − 𝑟𝑓) 

 
(B-1) 

Where, 𝜇𝐶  is growth rate of the exploration cost, 𝜇𝑚 is the return on market portfolio, 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 (6) and obtain similar 

results  

E∗(𝐶𝑇) =
𝐸(𝐶𝑇)

(1 + 𝛽(𝜇𝑚 − 𝑟𝑓))
𝑇
 (B-2) 

 

Appendix C—The Effect of Debt Financing 
Using debt, along with the right proportion of equity financing, has economically benefited companies. 

Interest on debt is tax deductible. This reduces the cost of financing projects and increases the economic 

appeal of available investment opportunities. In corporate finance, we use 𝜇 to discount a company’s 

aggregate cash flows, reflecting the aggregate cost of capital.  

If 𝐸 is the market value of equity (stocks) with return 𝑟𝐸 and 𝐷 is the market value of company’s debt 

with rate 𝑟𝐷, then 𝜇, the weighted average cost of capital is 

𝜇 = 𝑟𝐸
𝐸

𝐸 + 𝐷
+ 𝑟𝐷(1 − 𝑋)

𝐷

𝐸 + 𝐷
 

 
(C-1) 

Where X is the tax rate. The effect of debt financing is reduced by (1 − 𝑋) because interest on debt is tax 

deductible. Here, 𝜇 reflects the average risk of the company’s project and the cost of borrowed money.  

In our integrated valuation, we used 𝑟𝑓 to discount the certain-equivalent cash flows. Yet, our analysis 

applied to an all-equity company with no debt financing. In a company with debt, the risk in the cash 

flows changes (Modigliani and Miller, 1958). For such a company, we should calculate the certain-

equivalent cash flows and then discount them using a risk-free rate that also includes the tax deductibility 

of debt interests. In other words, 

 
17 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. 
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Discount Rate = 𝑟𝑓 − 𝑟𝑓𝑋
𝐷

𝐸 + 𝐷
= 𝑟𝑓 (1 − 𝑋

𝐷

𝐸 + 𝐷
) 

 
(C-2) 

Here, the discount rate decreases by (1 − 𝑋
𝐷

𝐸+𝐷
) for the tax deductibility of the debt interests. 

In summary, we calculate certain-equivalent cash flows and discount them with the risk-free rate. If 

market instruments are available to hedge risks, we use risk-neutral probabilities from these instruments. 

If we cannot hedge an uncertain factor using the market, or if the factor is independent from market 

movements, then we use true (unadjusted) probabilities. For example, market instruments can hedge the 

oil price uncertainty but not the subsurface risks. In valuation of a hydrocarbon exploration bet, 

companies should use risk-neutral probabilities to model oil prices and experts’ probabilities to model the 

chance of success in drilling. Smith and Nau (1995) use an extension of Fisher Separation Theorem to 

show that these values would be identical to the prices the market assigns to an uncertain bet, i.e. the 

value of the bet. 

 


