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Abstract

Least-Squares Monte Carlo simulation (LSM) is a promising new technique for valuing real options that has received little or
no attention in the oil and gas industry. In this paper, we will demonstrate how LSM can handle more realistic valuation
situations including the ability to (i) handle more realistic (probabilistic) price models and (ii) deal with multiple, possibly
correlated, uncertain variables.

The LSM method is applied here to an economics problem faced by many operators: What is the value of a gas field
given the decision to trade the gas on the spot market as opposed to selling the gas through a long-term supply contract? A
company that chooses to trade gas can decide when and how much to produce and can profit from changing market
conditions, as by increasing production during a high-price environment.

Three uncertainties have been modeled: the gas price, the operational costs, and the rate of production decline. Increasing
profitability associated with rising hydrocarbon prices is typically partially offset by increasing expenditures. Hence the costs
have been correlated with the gas price. The expectation of the remaining reserves is continuously adjusted on the basis of the
performance of the field. The latter is simulated by stochastically modeling the rate of production decline.

The paper shows that a gas field that can be produced and abandoned at will has large value of flexibility. The Net Present
Value of such an asset will underestimate the true economic value. A further benefit of using the real option valuation
approach discussed here is that the valuation procedure produces a strategy map showing actions within the project, not just
numbers.

1. Introduction

Flexibility is an important part of a firm’s action but is not well modeled by traditional financial tools. Creating an effective
strategy typically has two critical, but in some ways conflicting, objectives: making the most of what a company is, and
preparing for what it can be (Marcus 2005). Preparing for the unknown future involves adapting to that future as it unfolds.
The petroleum manager’s toolkit contains many qualitative descriptions of this adaptation, all of which implicitly follow an
“if/then/else” structure. For example, a petroleum manager might want to consider the value of an exploration license. Using
words, he or she will argue that if the appraisal and exploration show significant potential of reserves, then the company
should apply for a production license; otherwise (else) the company should refrain from doing so, because a license will not
be profitable. The traditional discounted cash flow (DCF) approach cannot reflect this if/then/else structure, but real option
valuation (ROV) can.

How managers cope with uncertainty is in stark contrast with how they typically model and value it. DCF is based on the
unrealistic assumption that once an initial investment is made, the project will run its course without intervention. The
possibility of abandoning a project in the face of adverse circumstances or expanding it in response to unanticipated demand
is not considered.

ROV is a valuation and decision-support methodology that is much better aligned with the actual decision-making
process. ROV allows for a systematic assessment of the choices available, the risk exposure, and the expected outcome of the
known options. The method embraces the notion that the management of projects is not limited to an initial stop/go decision
but actually entails a sequence of choices as additional project information becomes available. For example, if an E&P
company decides not to develop an oil field today, the company may still have the opportunity to do so in the future. By
paying a fixed license fee to the government, the company buys a real option: the right, but not the obligation, to make an
investment and produce hydrocarbons at any time during the license term. The flexibility associated with the project
translates into economic value. For example, a company can increase the chance of a positive return on an investment if an
irreversible investment decision can be delayed until more information becomes available. The value in having different
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development options is referred to as the value of managerial flexibility, one that cannot be assessed by traditional DCF
analysis.

Despite these advantages, ROV has hitherto failed on its promise to “revolutionize” the way companies value their assets
(Triantis and Borison 2001; Ryan and Ryan 2002; Triantis 2005). There seem to be two main reasons: (i) limitations in the
valuation techniques, resulting in the inability to model and value real-world problems and (ii) a level of valuation
complexity that limits the understanding and accessibility of the methodology to a small subset of the valuation and decision-
making community.

Considering the popularity of ROV, real option modeling might be regarded as predominantly an academic exercise with
little or no practical application. Nonetheless, the sophistication and practical application of ROV tools has significantly
improved over the past decade, and players in the oil and gas industry are increasingly using other advanced valuation and
decision analysis techniques such as market-based valuation (Laughton et al. 2008), Monte Carlo simulation, and value-of-
information (VVOI) analysis (Bratvold et al. 2007).

The oil and gas industry has started to recognize the value of enhanced financial modeling. Companies are investing
heavily in the quantification and modeling of uncertainty in their decision-making processes. A recent industry survey
suggests that the majority of companies incorporate risk assessment in their economic evaluations using scenario analysis,
probabilistic modeling, or Monte Carlo simulations (Bickel and Bratvold 2007). One can expect that the advanced calculus
required in real option modeling is less of a hurdle in organizations that have abandoned deterministic economics in favor of
probabilistic valuation procedures.

During the period in which companies progressively increased the sophistication of valuation and modeling, academic
researchers were developing new techniques that allow for a much improved accuracy in the stochastic, or probabilistic,
modeling of commodity prices (Gibson and Schwartz 1990; Schwartz and Smith 2000; Cortazar and Schwartz 2003) as well
as increasingly powerful and flexible techniques to evaluate real options (Longstaff and Schwartz 2001). With these recently
developed methodologies available to economists, the oil and gas industry now has the opportunity to accurately model many
of the complexities of real-life assets using ROV.

In this paper, we will discuss and demonstrate the potential of one of the most promising new option pricing techniques,
Least-Squares Monte Carlo (LSM) (Longstaff and Schwartz 2001). LSM is particularly useful when investment decisions are
a function of multiple uncertain factors and when compounded American-style options (which may be exercised at any time)
exist. The method allows for the separation of a potentially complex decision from the price evolution model, which
traditional ROV is not capable of. The remainder of the article is organized as follows. 82 describes the LSM method and
illustrates its use through a simple example. The approach is illustrated in 83 using a real-world example. In 84 we
summarize and conclude.

2. The Least-Squares Monte Carlo Method
Monte Carlo simulation is well suited for valuing options that are path-dependent or involve many underlying uncertainties.
The challenge in using simulation to value an option that can be exercised at any point in time (American option) is in
choosing at each decision point whether to exercise. The Least-Squares Monte Carlo (LSM) approach developed by
Longstaff and Schwartz (Longstaff and Schwartz 2001) provides a way of determining the value of continuing (i.e.,
refraining from exercising) at each such point. This section provides an introduction to LSM and illustrates its application
with a numerical example.

The Least-Squares Approach

In the simulation approach for valuing options, we start by building a Monte Carlo simulation model that takes into account
all relevant uncertainties of the problem. From this model, we generate a large number of possible outcomes for the project
without options. In order to calculate an optimal exercise policy at each decision point, we need to evaluate the expected
future payoff (the continuation value) for each possible choice, conditioned on the resolution of all the uncertainties up to that
time. The optimal policy is then achieved by selecting the option that yields the highest continuation value given the
information available.

The challenge is to determine the continuation value, and this is where Longstaff and Schwartz suggest the use of linear
regression. The least-squares method is applied to find an approximate value function that relates the continuation value to
the underlying uncertainties. Once the value function has been established, the estimated continuation value is determined by
the realized values of the uncertainties in a given period.

Example 1 — Managing Price and Cost Risks

The following numerical example was originally discussed by Brandao et al. (Brand&o et al. 2005) and Smith (Smith 2005).
A project (see Table 1) has estimated reserves of 90 million barrels, and the initial annual production level of 9 million
barrels declines by 15% per year over a 10-year operating life. Qil price follows a mean reverting process (Ornstein—
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Uhlenbeck), starting at $110 per barrel and reverting to a mean of $90 per barrel with a half-life of 2 years'. The variable
operating cost follows a Geometric Brownian Motion (GBM) process, starting at $35 per barrel in Year 0 and growing at a
mean annual rate of 3% per year with volatility (standard deviation) of 10%>. Table 1 shows one possible price and cost path.
There is also a $25 million per year fixed cost that is not shown in the table. As this example uses the fully risk-neutral
approach, we discount for time only and the applicable risk-free interest rate is assumed to be 5% per year. The current terms
of the opportunity include a partner who holds a 25% working interest.

Running a Monte Carlo simulation determined an expected value of future cash flows of $858.1 million, without options.

Year 0 1 2 3 4 5 6 7 8 9 10
Remaining Reserves 90.0 81.0 73.4 66.8 61.3 56.6 52.6 49.2 46.3 43.9
Production Level 9.0 7.7 6.5 5.5 4.7 4.0 3.4 29 25 2.1
Variable Op Cost Rate 35.0 32.3 33.2 34.2 35.3 36.3 37.4 38.5 39.7 40.9 42.1
Oil Price (risk-adjusted) 110.0 109.2 94.7 97.5 93.2 79.1 81.3 68.6 68.8 62.9 60.1
Revenues 982.7 7248 633.8 5150 3715 3248 2329 1985 1542 125.2
Production Cost -315.3 -279.2 -2475 -219.8 -195.6 -174.3 -155.8 -139.5 -125.2 -112.7
Cash Flow 667.3 4456 386.2 295.1 175.9 150.5 77.2 59.0 29.0 125
Profit Sharing -166.8  -111.4 -96.6 -73.8 -44.0 -37.6 -19.3 -14.7 -7.2 -3.1
Net Cash Flows 500.5 334.2 289.7 2213 131.9 112.9 57.9 44.2 21.7 9.4

Table 1: Cash flows from the project.

Suppose there are three options available to the investor in the 5th year of operation. The project can be divested for a
price of $300 million or the partner can be bought out at a cost of $170 million. The third possibility is to continue under the
same ownership. The optimal decision is a function of the realized value of the uncertainties in year 5. In the analysis an
assessment is made what the ranges of oil prices and variable operating costs warrant which of the three alternative choices.
In the initial phase the results from the simulation run without options where we now record the NPV of the cash flows after
year 5 as well as the year 5 oil price and variable operating cost for each of the iterations. With this information, we can run a
regression relating the realized continuation values (Y) to the year-5 oil prices (p) and variable operating costs (c). For now,
we assume the following simplified relationship:

Y=a+pp+yC

For one particular case with 10,000 iterations, the coefficients were « = 376.19, =4.30, and y =—9.56. Although

these linear terms are sufficient for our example, the relationship among Y, p, and ¢ could well be more complicated,
involving powers of p and c, product terms, or nonlinear transformations of these parameters. If there are additional
uncertainties that will impact the expected continuation values, we can simply add these functions to the regression model. In
all cases, a functional form for the relationship between the continuation value and the relevant uncertain parameters is
assumed and the coefficients are estimated using the least-squares approach.

The regression equation now allows us to compare the value of continuing operations with the options of either divesting
completely for $300 million or acquiring full ownership by paying $170 million. If Y is less than $300 million in year 5, we
should divest. If the estimated value of the partner’s share (Y/3) exceeds the cost to buy it, $170 million, we should buy out
the partner. In all other cases, we should continue the operation without exercising the options. The estimated values for the
optimal strategies are shown in Table 2.

! The Omnstein-Uhlenbeck mean-reverting stochastic process is one of the simplest models suitable for modeling commaodity prices. It is well documented in
Luenberger (Luenberger, D.G. 1998. Investment Science. New York, NY: Oxford University Press.) and Begg and Smit (Begg, S. and Smit, N. 2007.
Sensitivity of Project Economics to Uncertainty in Type and Parameters of Oil Price Models. Paper SPE 110812 presented at the SPE Annual Technical
Conference and Exhibition, Anaheim, CA, 11-14 November.). We refer to Appendix 1 for additional details. For most applications, a more realistic model
such as Gibson-Schwartz’s 3-parameter model or Schwartz and Smith’s 2-parameter model should be used.

2 We are using a fully risk-neutral valuation approach. Hence the oil price is risk-adjusted with a risk-premium of 3%, which has been derived from the
futures and forward markets. The variable operating costs are assumed to be uncorrelated with the market and require no risk adjustment. Using full risk-
neutrality, sometimes referred to as “market-based valuation” or “state-pricing,” implies that discounting for time should only use the risk-free rate. See
Laughton et al. (2008) for an in-depth discussion of the risk-neutral approach.
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Cost (S/bll)
60 57 54 51 48 45 42 39 36
40 300 300 300 300 300 300 300 300 300
50 300 300 300 300 300 300 300 300 300
60 300 300 300 300 300 300 300 300 300
70 300 300 300 300 300 300 300 300 304
80 300 300 300 300 300 300 300 317 349
90 300 300 300 300 300 300 330 362 394
100 300 300 300 300 312 343 375 407 438
110 300 300 300 325 357 388 420 451 483
120 300 306 338 370 401

130 319 351 383 414 446
140 490
150
160
170
180
190
200

Oil price ($/bll)

Table 2: Strategy table — the grey region represents the “Divest” decision, the black region represents the “Expand” decision, and the
unshaded region represents the “Continue with no changes” decision. The numbers in the unshaded and black regions show the expected
NPV for the corresponding oil prices and operating costs. The numbers in the grey region show the project value if it is being divested.

This strategy (or policy) table shows the estimated NPV in year 5 as a function of the two uncertainties: variable cost (c)
and oil price (p). The grey region indicates that for low prices and high costs, the best choice is to divest the project. The
black region shows that under high prices, we are better off buying out the partner and taking full ownership of the project. In
the intermediate band, the highest value is generated by continuing operations with no change in ownership. To calculate the
value of the project under each of these options, we rerun the simulation using the policy map, resulting in an expected value
of $867 million, compared with an expected value of $886 million without the options.

Example 2 — Managing Aquifer Strength Risk

The following example illustrates the option value associated with uncertainty in aquifer strength. Building on the previous
example, suppose it is thought that there is a good chance that the aquifer is strong enough to obviate the need for pressure
support by water injection. However, there is a chance that the aquifer might not provide the necessary pressure support,
resulting in reduced reserves and production. The operator has three alternatives: (i) build a platform with no injection
capability corresponding to the base case reserves and production estimates at a cost of $540 million, (ii) include water
injection capability when the platform is first built at an additional cost of $200 million, or (iii) build a platform with
sufficient space and strength to enable the option of adding injection capability at a later date. The cost of the flexible
platform is $60 million more than the base case platform plus an additional $160 million for the injection upgrade.

The underlying cash flow model for the project is as in the previous example including the price and cost uncertainties.
The aquifer uncertainty translates into uncertainty in the reserves which we have assumed to be lognormal with a mean of 90
million barrels and a standard deviation of 20 million barrels.

The expected value of the future cash flows for the first two alternatives is straight forward to calculate by running a
Monte Carlo simulation. They are $959 million and $917 million, respectively. For the third alternative, the strength of the
aquifer will be have been revealed after one year of production. If the aquifer turns out to be weak and does not provide the
necessary pressure support, the operator has the option to upgrade the injection capacity at a cost of $160 million at the start
of year 2. Similar to the previous example, we run a regression relating the continuation without upgrading value to the year
1 production, oil price, and variable operating cost. With this we can compare the value of continuing without upgrading with
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the option of upgrading which will increase the present value of the cash flows by 25%; ie.,
Y upgrade = 1.25Y — 160. The strategy maps can now be created. Given that there are three uncertainties, it is a bit harder to
display the complete strategy map in a single display. Table 3 shows the map for a range of values for the year 1 price and
production.

Reserves (million bbls)

40 50 60 70 80 90 100 110 120
~ 40 372.1 461.0 549.8 638.7 727.6 816.4 905.3
2 50 542.6 631.5 720.3 809.2 898.1 986.9 1075.8
& 60 713.1 802.0 890.8 1068.6 1157.4 1246.3
g 70 1061.4 1239.1 1327.9 1416.8
5 80 1231.9 1409.6 1499.9 1611.0
= 90 1402.4 1602.0 1713.1 1824.1
© 100 1593.0 1815.1 1926.2 2037.3

110 1806.1 2028.2 2139.3 2250.4

Table 3: Strategy table - the black region represents the "Upgrade" option and the unshaded region represents the
"Continue with no changes" option. The numbers in the two regions show the expected values for the corresponding oil
prices and reserves.

Similar policy tables could be made using other pairs of uncertain variables; i.e., Price vs. Cost and Reserves vs. Cost.
Upon rerunning the simulation using the policy map, we get an expected NPV of $1,040 million with the option to upgrade
and $900 million without the option to upgrade. Thus, given the uncertainty in aquifer strength, oil prices, and costs, the
flexible platform adds a value of $81 million over alternative (i) — No injection, $123 million over alternative (ii) — Include
water injection capability when the platform is first built. Furthermore, if the flexible platform is chosen, the option to
upgrade the injection capability if the aquifer turns out to be weak is worth $140 million.

3. Examplei The Gas Pr oduc eSeling orDLohgegemm@ontracts or Trading on the Gas
Market
The recent creation of gas markets most notably in North America and Europe has created the possibility for gas producers to
engage in active gas trading, in contrast to selling their gas streams through traditional long-term supply contracts.

From the perspective of the gas producer, the commercial assessment of a long-term delivery contract is relatively
straightforward. Upon writing the contract, the gas producer has eliminated uncertainty in the future selling price. The
remaining risk is typically dominated by the uncertainty in the size of the recoverable reserves.

Gas producers who actively trade on the gas market face fluid market conditions. To be successful, those players require
objective, useful, and accurate investment-analysis methodologies that increase their understanding of market indicators and
how these affect their assets. The economic implications of business strategies on future operational decisions (i.e., changing
production targets to align with market conditions) cannot be quantified using traditional DCF analysis. The value of
managerial flexibility created by active project management can, however, be quantified in an option pricing model.

In this study, a valuation framework has been developed that (a) quantifies the value of managerial flexibility associated
with the asset if gas is traded on the market and (b) compares the economic value of two available trading options: sell gas on
the market or sell the gas on a long-term delivery contract.

Outline of the economic model

In this study, a commercial evaluation is made of an operating gas field. The production rate of the field is uncertain but is assumed
to be exponentially declining long-term. The field requires an annual investment in order to remain operational. In a number of
development scenarios, various proportions of the produced gas are traded on the market. The basic assumptions made in the
models are shown in

Table 4.



6 SPE 116026

Parameter Stochastic parameter Value

Expected gas price yes 4 £/Mscf

Expected production cost yes 2.5 £/Mscf

Contract gas price no 3, 4,5 or 6 £/Mscf

Expected maintenance cost yes 6 £EMM/year

Expected total recoverable reserves yes® 200 MMscf

Expected initial production rate no 50 MMscflyear (137 Mscf/day)
Expected decline rate yes 0.25 per year

Risk free interest rate no 3%

Table 4: The main characteristics of the economic model.

The model runs over a time horizon of 30 years, divided into discrete periods of two months each. Although continuous
stochastic processes are used in the model, a single value for the uncertain variables is determined for each period and
iteration. A Monte Carlo simulation consists of 5000 iterations or paths.

The ROV optimization procedure evaluates two sets of alternatives: (a) commence production and sales of gas or delay
production till a later point in time, and (b) abandon the field or invest in annual maintenance of the asset. The decision to
produce gas depends on whether the return on the gas volume produced in a period exceeds the expected value of the gas
when left in the reservoir for later production. The field will be abandoned in the period when the expected value of the future
cash flow” is less than the annual maintenance cost. The decisions are influenced by the gas price, operating cost, and
remaining gas reserves and are made in each of the modeled periods (Error! Reference source not found.)’. NPV
calculations are based on the same assumptions as in the ROV model. However, the optimization procedure used to
determine whether to produce gas in a given period does not apply.

Each of the three curves in Figure 1 represents the cumulative production of an individual path. In those periods where
cumulative production does not increase, the decision is either to refrain from producing and selling gas or, especially in the
later periods, to abandon the field and terminate production. The curves reach different levels of maximum cumulative
production, which relates to the total recoverable reserves of the path once the economic limit has been reached.
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Figure 1: Production realizations.

Stochastic modeling

Three sources of uncertainty have been simulated by an Ornstein-Uhlenbeck type stochastic process (see Appendix 1 for
details). The simulated uncertainties are: 1) the gas spot price, 2) a cost multiplier, and 3) the rate of production decline. All
parameters used in the stochastic models are listed in Table 4.

3 . . . . . .
A stochastic process is used to model the decline rate and as a consequence the total recoverable reserves are simulated as an uncertain variable.

* The future refers to the time horizon beyond the period that is being assessed. Note that “current” period refers to a time point when a decision is being
made, this time points can refer to a future time point.

® The option is an American-style option because it can be exercised at any one of a finite number of discrete time points
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Gas price Cost multiplier Rate of production
decline
Annual volatility 0.4664 0.3 0.5
Annual reversion speed 0.22 0.1 0.22
Initial value 4 £/Mscf 1 0.25%lyear
Equilibrium value 4 £/Mscf 1 0.25%/year
Seasonal fluctuation Prices in December None None
are 70% higher
compared to July
Correlation Oand 1
to gas price

Table 4: Parameters used in the stochastic processes.

Gas price model
A data set of historical Bacton® gas prices in the period from October 2000 to December 2007 have been used to determine
the parameters that are required to define the stochastic gas price model. The parameters determined are the gas price

volatility, reversion speed, reverting price level, and seasonal price fluctuation’. The resulting pricing model has been used to
forecast gas prices as shown in Error! Reference source not found..
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Figure 2: Expected gas price with P10 and P90 confidence bands.

Cost multiplier model

Although the stochastic behavior of production cost is modeled in this study, no attempt has been made to develop a
stochastic process that matches the behaviour of historical cost or investment data. We speculate that this can be achieved by
using historical rig rental rates as a proxy for volatile costs in the E&P industry, and we expect that a correlation, possibly
with a time delay, exists between daily rig rental rates and hydrocarbon prices®. The impact of the correlation between costs
and gas prices is investigated by running two analyses: one in which the processes are perfectly correlated, and one where
they are completely uncorrelated. The annual maintenance and production components of gas unit cost are modeled
stochastically by applying the cost multiplier to the expected value of the respective parameter.

Production model
The uncertain production rate of a gas field is modeled by a stochastic process. The development of the production rate is
follows an exponentially declining function. Once the decline rate and the flow rate at the start of a period are known, the
amount of remaining reserves can be calculated. Given that the decline rate for each path will change over time, the expected
value of recoverable reserves will also evolve. Also, because each path will yield a unique development of the decline rate, a

6 Bacton is one of the major UK gas hubs.
! The seasonal demand for gas is traditionally linked to gas heating of houses, resulting in higher gas demand in winter than in summer.
8 An analysis by Willigers (2009) on the correlation between historical oil prices, steel prices and rig rental rate confirms our speculation.
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distribution of reserves that are ultimately recoverable is modeled (Figure 3°). The mean of the realized reserves amounts to
185 MMscf, which is 7.5% lower then the expected recoverable reserves. This difference relates to early field abandonment
when the economic limit is reached.

No attempt was made to link the production model to real-life field development data.
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Recoverable reserves (MMscf)

Figure 3: Recoverable reserves.

Results

Three sources of uncertainty have been stochastically modeled: the gas price, fixed and variable cost, and the size of the
recoverable reserves. The impact of the assumptions regarding these three uncertainties on the valuation results is shown the
listing in Table 5.

Stochastic variables ROV (in EMM)
Gas Price Cost Reserves
Model 1 No No No 123
Model 2 Yes No No 156
Model 3 Yes Yes Sp = No 101
1'%
Model 4 Yes Yes gp = No 172
o'
Model 5 Yes No Yes 132
Model 6 Yes Yes (p=1) Yes 85
Model 7 Yes Yes (p =0) Yes 149

Table 5: Relationship between ROV and the underlying uncertainties.

The project value increases progressively from 123,156 to 172 £MM when moving from a deterministic model (Model 1)
to a model in which gas prices and costs are stochastically modeled and uncorrelated (Models 2 and 4). However, the degree
of correlation between the gas price and costs has a large impact on the valuation: the project value decreases by 71 £EMM
when two uncorrelated stochastic processes (Model 4) are replaced by two that are perfectly correlated (Model 3).

The project value decreases by 16 £MM when the size of the reserves is treated as a third uncertain variable (Model 3
versus Model 6). The stochastic process that describes the size of the gas reserves yields an expected value that equals the
fixed reserves size used in Models 1 to 4. The introduction of the process has an impact on the timing at which the gas
reserves are recovered. The paths that yield higher-than-expected reserves will recover those reserves at a later time, and
associated with this delay are higher costs in the form of annual fixed expenses and the time value of money. As a
consequence, the overall project value is reduced by the introduction of stochastic modeling of the production rate (Table 5).

o The cumulative probability plot shown in Figure 3 can be used to determine the probability that the asset yields a recoverable reserve below a certain
specific value. The probability that the recoverable reserves of the asset are smaller than 150MMscf is about 30%.

10 The development of the gas price and costs are perfectly correlated.
1 The development of the gas price and costs are completely uncorrelated.
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The decision of a company to engage in a long-term gas contract or trade gas on the spot market has a pronounced impact
on the cash flow associated with the gas asset. The value of the gas stream contracted on a supply contract is determined in a
standard NPV analysis'?, whereas the ROV model is used to determine the project value in a scenario in which the gas is
traded on the market. An NPV is calculated using four different contract gas prices (Table 4). Assuming a gas contract price
equal to the expected gas price in the ROV model, the resulting NPV is 30% lower than the corresponding ROV (Table 5).
The difference between the two commercial options changes to 94% and -97% when the contract price is 3 or 6 £/Mscf,
respectively. This analysis can be used by companies to set a minimum contract price required to offset the value of
flexibility associated with the alternative option of trading gas on the market.

Contract gas NPV (EMM) ROV (EMM) Delta % Delta abs
price (E/Mscf) (EMM)
3 9.5 149 94% 139.5
4 105 149 30% 44
5 200 149 -34% -51
6 294 149 -97% -145

Table 6: Comparison of ROVs and traditional NPVs.

A company could choose to sell a portion of the gas on a long-term contract and trade the remainder on the market.
Error! Reference source not found. illustrates the relationship among the real option value, the amount of gas sold on a
supply contract, and the price of the contracted gas. The value of the gas asset is progressively controlled by the gas contract
price, with an increasing proportion of the total gas sold on contract. Once 4 MMscf/month of gas is sold on contract,
virtually no gas is left for trading. Only the gas that is produced in excess of the contractual obligations may be considered
for trading on the market.
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Figure 4: The value of mixed contracts. When no gas is sold on contract the asset value equals the ROV value. Alternatively the asset value
of the asset is dominated by the contract gas when relatively large amount of gas are contracted.

The difference between the net present value and the real option value is a function of the ratio of the gas traded on the
market and the total amount of gas produces. Figure 5 illustrates that the difference between the two value metrics decreases
as the gas sold on a supply contract increases, converging if more than 2 MMscf per month is sold on a contract. This trend is
to be expected because managerial flexibility decreases with amount of gas available for trading, and ultimately the NPV and
ROV are identical once all gas is sold on a delivery contract. The concave shape of the net present value curve is because gas
production is limited. On average, the asset can only supply 4 MMscf per month?® at the early stages of the development of
the asset, and higher contract production targets are not sustainable.

12 | order to make the NPV and ROV comparable, the cash flows in the NPV calculation are discounted at the risk-free rate.
13 The production rate is uncertain given that the decline rate is modeled stochastically.
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Figure 5: Comparison of ROV and NPV for different volumes of contracted gas.

Strategy map: optimizing project management

In contrast to the NPV methodology, the real option valuation procedure captures the value of managerial flexibility
associated with the asset. However, it cannot be overstated that this additional value can only be realized if the asset is
appropriately managed. Fortunately, the results of a real option calculation can be used by management to determine when
and how to respond to changing market conditions and, in general, resolution of uncertainty. These trigger points are not only
a function of the market conditions at a given time, they are also influenced by the stage in the lifecycle. In the model
developed in this study, the company has sole production rights for a period of 30 years and the economic value of the gas
remaining in the reservoir after this period is lost to the company. During the early stages of production, there will be a
relatively large time window during which market conditions can improve, but over time the remaining life span reduces and
the likelihood that market conditions will improve shrinks accordingly. Hence, the incentive to delay production in
anticipation of better market conditions decreases over time.

Two additional factors that promote early production are the annual fixed operating cost and the discount rate. Given an
exponential declining production rate, fixed operation costs become in relative terms a progressively greater burden on the
project’s profitability during the development of the field. When the decision is made to delay production, the cash flow
associated with the gas stream has to be discounted over a larger time period. This implies that the trigger points change
during the field’s development. An expected trend of an increasing proportion of spot producing paths can be observed in
Figure 6. The seasonal fluctuation reflects the price fluctuation during the course of each year (Figure 6).
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Figure 6: Proportion of trial in which the decision is made to produce gas over time.

Figure 7 represents a schematic relationship between the sources of uncertainty (gas price, costs, and remaining reserves)
and the production decision in a given period. The three-dimensional space defined by the three uncertainties is divided into
two regions, one in which the option to produce and sell gas is exercised and one in which it is not. The vertical green and red
plane illustrates at a constant cost level the gas price and remaining reserves required to justify commencement of production.
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Those combinations are located in the green portion of the plane. The shape and position of the plane that divides the two
regions will evolve over time as the trigger points that warrant the decision to start or terminate gas production will change
during the progressive development of the gas field.

»

Remaining reserves

Gas price
Figure 7: Strategy map.

Discussion

Real options valuation and projectevelopment
The gas contract example described in this study is a show case of the capability of the LSM approach to solve complex real
option problems. E&P facilities and constructions projects are exposed to the same uncertainties and risks as simulated in the
model developed in this study and the valuation framework presented here can therefore directly be applied to most E&P
projects.

E&P facilities and constructions projects are exposed to changing market conditions because these development will
determine the evolution of hydrocarbon prices, rig rental rates, steel and concrete prices. Each of these risk drivers have a
unique type of behavior and dependency on other market risks (Willigers, 2009). In addition to these market risks E&P assets
are also affected by the technical performance of the assets. The reliability of a facility is expected to change over time and
the performance of the reservoir will alter during the progressive development of a hydrocarbon reservoir. Preferences of
certain development options will most likely evolve as more uncertainty regarding key value and risk drivers is progressively
resolved during the lifetime of the asset. The stochastic process developed in this study aims the replicate the behavior of
these evolving uncertainties in a mathematical model. Large development projects are typically financed in a number of
investment phases the manager will have the flexibility to make different investment choices at each stage of investment. The
decision made will be determined by the information available to the decision maker at the time he/she has to make a
commitment for the capital requirement in the subsequent investment phase. The LSM methodology is well suited to solve
these types of complex real option problems given its ability to model multiple, possible correlated, sources of uncertainties
and solve a real option valuation problem for a large number of decision points.

The LSM analysis can be used to generate strategy maps that define the conditions that warrant certain investment
decisions. For example the considerations in large E&P projects whether or not to 1) expand the exploration program, 2)
upgrade a production or processing facility, 3) accelerate production by drilling additional wells in the reservoir, 4) initiate an
advanced oil recovery program, depends on the economic and technical outlook at the time the decision has to be made. The
LSM method can define the present and future trigger points that will justify these decisions.
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Expanding the real option model

The commercial considerations related to the gas asset discussed in this study are representative of decisions faced by the
upstream oil and gas industry. Although some simplifying assumptions have been made, a key benefit of the LSM real option
approach is its versatility, enabling the analyst to tailor the model to a large spectrum of alternative commercial requirements.
The analysis can be easily expanded to include seasonal shortages in transportation capacity, the economic implications of
gas storage, boundaries on production variation, or the cost associated with the getting gas wells online. The stochastic
procedures could also be enhanced. For example, the present production model uses constant volatility in the production
decline rate, although it is probably more accurate to use a decreasing volatility because the understanding of a field’s
behavior increases during its progressive development.

Perfect information and fieldabandonment
A key economic decision during the development of an asset is the timing of field abandonment. A standard practice in
financial modeling is to abandon the asset at the time when the cumulative cash flow starts to decline. Following this decision
rule, no account is given of the uncertainty of the cash flow beyond the abandonment date. The analyst makes the decision
assuming that the data beyond the abandonment date are perfect, this assumption results in an overestimation of the value
associated with the scenario under consideration. The decision should be based on expected future values that are calculated
when field abandonment is considered.

Overvaluation as a result of perfect information in the abandonment decision is illustrated in Figure 8. The upper panel
shows a price-development scenario, whereas the lower panel depicts the cumulative cash flow. If it was given that the price
evolution would be realized, the optimal timing of field abandonment is in period 4 (this period is indicated by solid vertical
line). However, at period 4, the expected future prices** are much higher then the prices modeled in this particular scenario,
and on the basis of the expected price evolution the field abandonment time is delayed from period 4 to period 7. Although
the decision to keep the field operational in field 4 is correct, it is based upon imperfect information, and subsequent price
evolution will cause the firm to lose money in the following period. Obviously, the converse could also happen, where the
expected gas price triggers abandonment of a field even though gas price would increase in subsequent periods. In both
scenarios, the scenario value is overestimated because the abandonment decision assumes perfect information, that is, the
development of a complete set of value metrics for a given scenario.

As opposed to the traditional NPV model, all decisions made in the ROV model are based on expected values. Hence the
real difference between the NPV and ROV can be larger than suggested by the results listed in table 4.
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14 Expected future price, i.e., the gas price evolution after period 4, is described by the stochastic gas price process conditioned by the realized gas price in
period 4.
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Figure 8: The difference between the expected gas price and cash flow development and those modeled in a specific trial starting in year 5.

4. Discussion and Conclusions
Value inevitably entangles uncertainty and decision making. ROV allows improvement of the science of valuation, the
practice of management, and decision-making. Despite the ubiquity of options in the exploration and production industry, in
practice we find that these options often are overlooked in the structuring and evaluation of investment opportunities, even
when uncertainties are explicitly modeled. One likely reason is the difficulty of evaluating decision problems that include
many downstream decisions.

The economic model developed in this study illustrates the versatility of the LSM real option technique and its ability to
assess complex economic problems that involve multiple sources of uncertainty and a variety of commercial constraints. The
analysis also illustrates not only that ROV enhances the accuracy of an economic assessment, but that the analytics also
provide critical insight on how the holder of a particular asset should manage it in order to realize the associated value of
managerial flexibility.

The creation of a competitive gas market in the United States and Europe, in conjunction with underlying supply and
demand trends, resulted in much larger uncertainty of the economic value of future gas revenues for producers. However, the
trends also generated new opportunities for the industry and new financial tools like LSM real option valuation, enabling
economists to draw better insight into economic value than was feasible historically.

The LSM method readily generalizes to more complex problems. The procedure is relatively insensitive to the number of
uncertainties, but its complexity grows with the number of options and decisions. Application and experience suggest that the
method is quite robust and will perform well with a range of different basis functions.

APPENDIX 1: Mean-Reverting Stochastic process
The mean-reverting model we use assumes that the logarithm of the uncertain parameter, z(t)=In(p(t)),follows an Ornstein-

Uhlenbeck process and that future parameter values (risk adjusted or not) are described by the stochastic differential equation

dr(t)=n(Z—z(t))dt+odz(t)

where 7 is the long-run mean to which the log of the variable revert, » describes the strength of the mean reversion, o is the
volatility of the process, and dz(t) represents increments of a standard Brownian Motion Process. As shown by Dixit and

Pindyck (Dixit and Pindyck 1994), this implies that ~(t) is normally distributed with mean EV(7z):7?+(7z0—7?)e_’7t and

variance 02(1—e_2’7t)/277. This shows that deviations from the long-run mean will follow an exponential decline. Given a

current log value of z,away from the long-run mean 7, we would expect that in In(2)/n years z(t) will have reverted half
way to the long-run mean. Hence we can use an analogy from physics and interpret the term In(2j  d as the “half-life” of the

mean-reverting process. Dixit and Pindyck (Dixit and Pindyck 1994) as well as Begg and Smit (Begg and Smit 2007)
provided detailed descriptions of how to extract the required parameters from historical data. Smith and McCardle (Smith and
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McCardle 1999) discussed how parameters can be extracted from futures and options data for modeling risk-adjusted value
paths, and Schwartz and Smith (Schwartz and Smith 2000) discussed the use of Kalman filters for the same purpose.
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