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Abstract 
 

The decisions made by petroleum producers in the world oil market are 
both dynamic and strategic, and are thus best modeled as a dynamic 
game.  In this chapter, we review the literature on the world oil market 
and discuss our research on econometric modeling of the world oil 
market as a dynamic game.  Our research on econometric modeling of 
the world oil market as a dynamic game research builds on the previous 
literature by combining three erstwhile separate dimensions of modeling 
the world oil market: dynamic optimization, game theory, and 
econometrics. Our results show that dynamic behavior and strategic 
interactions are important aspects of the world oil market that must be 
accounted for in empirical analyses of the world oil market. 
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1. Introduction 

The decisions made by petroleum producers in the world oil market are 
both dynamic and strategic, and are thus best modeled as a dynamic 
game.  In this chapter, we review the literature on the world oil market 
and discuss our research on econometric modeling of the world oil 
market as a dynamic game.  Our research on econometric modeling of 
the world oil market as a dynamic game research builds on the previous 
literature by combining three erstwhile separate dimensions of modeling 
the world oil market: dynamic optimization, game theory, and 
econometrics.   

In Lin Lawell [2017], we develop and estimate an empirical dynamic 
model of the world oil market based on optimal control theory, and use 
this model to test for market power.   

In Kheiravar et al. [2017], we develop and estimate a structural 
econometric model of the dynamic game among petroleum-producing 
firms based on dynamic programming and game theory, and we apply 
this model to firm-level panel data on oil and gas exploration, 
development, production, mergers, acquisitions, and reserves. We then 
use the structural econometric model to analyze the effects of 
government policies, changing geopolitical landscapes, and new 
technologies on the petroleum industry. 

Our results show that dynamic behavior and strategic interactions are 
important aspects of the world oil market that must be accounted for in 
empirical analyses of the world oil market. 

The balance of this chapter proceeds as follows.  In Section 2, we 
explain why the world oil market should be modeled as a dynamic game.  
We review the related literature in Section 3.  In Section 4, we discuss 
our research in Lin Lawell [2017], in which we develop an empirical 
dynamic model of the world oil market based on optimal control theory.  
In Section 5, we discuss our research in Kheiravar et al. [2017], in which 
we develop and estimate a structural econometric model of the dynamic 
game among petroleum-producing firms based on dynamic programming 
and game theory.  Section 6 concludes.  

 
 



  3 
 

2. The world oil market as a dynamic game 

The decisions made by petroleum producers in the world oil market are 
both dynamic and strategic.  The production decisions of oil and gas 
producers are dynamic because petroleum is a nonrenewable resource; as 
a consequence, current extraction and production affect the availability 
of reserves for future extraction and production.  The exploration, 
development, merger, and acquisition decisions of petroleum producers 
are dynamic because they are irreversible investments, because their 
payoffs are uncertain, and because petroleum producers have leeway 
over the timing of these investment decisions.  Since the profits from 
investment and production decisions depend on market conditions such 
as the oil price that vary stochastically over time, an individual firm 
operating in isolation that hopes to make dynamically optimal decisions 
would need to account for the option value to waiting before making 
these irreversible investments [Dixit and Pindyck, 1994]. 

The decisions of petroleum-producing firms are not only dynamic but 
strategic as well. Petroleum producers consider not only future market 
conditions but also their competitors’ investment and production 
activities when making their current decisions. Since the production 
decisions of other firms affect the prices of oil and natural gas, and 
therefore affect a firm’s current payoff from production, and since the 
investment and production decisions of other firms affect future values of 
state variables which affect a firm’s future payoff from producing and 
investing, petroleum-producing firms must anticipate the production and 
investment strategies of other firms in order to make a dynamically 
optimal decision.  As a consequence, there are strategic interactions 
between petroleum-producing firms.   

Because the decisions made by petroleum producers in the world oil 
market are both dynamic and strategic, they are best modeled as a 
dynamic game.  In our previous work in Lin [2011], we show that 
assuming the world oil market is static and perfectly competitive yields 
unrealistic empirical results, and therefore that econometric models of 
the world oil market should incorporate the dynamic and strategic 
dimensions of the world oil market. 
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3. Related literature 

Economists have long been interested the world oil market.  The 
theoretical model of optimal nonrenewable resource extraction was first 
examined by Hotelling [1931], who developed the insight that dynamic 
optimization and dynamic behavior are critical for analyzing the world 
oil market. 

The dynamic optimization model and framework for the world oil 
market developed by Hotelling [1931] has since been expanded upon by 
many others to allow for such features as stock effects in extraction costs 
(Solow and Wan, 1976; Hanson, 1980; Farzin, 1992); exploration 
(Pindyck, 1978; Pesaran, 1990); market imperfections (Stiglitz, 1976; 
Khalatbari, 1977; Sweeney, 1977; Crémer and Salehi-Isfahani, 1991); 
technological progress (Farzin, 1992, 1995; Lin et al., 2009; Lin and 
Wagner, 2007); outward-shifting demand (Chapman, 1993; Chapman 
and Khanna, 2000); uncertainty (Hoel, 1978; Pindyck, 1980); risk 
(Young and Ryan, 1996); drilling activity (Anderson, Kellogg and 
Salant, forthcoming); stochastic and volatile output price and production 
cost (Almansour and Insley, 2016); tax policy (Leighty and Lin, 2012); 
and oil contracts (Ghandi and Lin, 2012; Ghandi and Lin Lawell, 2017). 

Gaudet [2007] provides a recent review of factors that can potentially 
help bridge the gap between the basic Hotelling rule of natural resource 
exploitation and the historical behavior resource prices. Lin [2009] 
shows that even the most basic Hotelling model yields insights.  

Recognizing the importance of strategic interactions in addition to 
dynamic behavior in the world oil market, the dynamic optimization 
model and framework for the world oil market developed by Hotelling 
[1931] has also been expanded upon to allow for such features as Nash-
Cournot behavior (Salant, 1976; Ulph and Folie, 1980) and OPEC 
behavior (Hnyilicza and Pindyck, 1976; Pindyck, 1976; Crémer and 
Weitzman, 1976). 

Until recently, much of the empirical literature on the world 
petroleum market was from over three decades ago (Adelman, 1962; 
Kennedy, 1974; Nordhaus, 1980; Gately, 1984; Griffin, 1985; Lin, 2011; 
Espinasa et al., 2017). Crémer and Salehi-Isfahani [1991] provide a 
survey of models of the oil market. Many previous empirical studies of 
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world petroleum market use a static model.   Lin [2011] shows that 
assuming the world oil market is static and perfectly competitive yields 
unrealistic empirical results, and therefore that econometric models of 
the world oil market should incorporate the dynamic and strategic 
dimensions of the world oil market. 

There is also a literature analyzing strategic behavior in the world 
petroleum market, and particularly the behavior of OPEC (Griffin, 1985; 
Matutes, 1988; Golombek et al., 2014; Gulen, 1996; Farzin, 1985; 
Alhajji and Huettner, 2000a,b; Kaufmann et al., 2004; Almoguera et al., 
2011; Hochman and Zilberman, 2015; Okullo and Reynès, 2016; 
Baumeister and Kilian, 2017; Genc, 2017; Asker et al., 2017; Ghoddusi 
et al., 2017). For detailed background information on the world energy 
industry, see the classic text by Dahl [2015]. For a detailed review of the 
literature on oil market modeling and OPEC’s behavior, see Al-Qahtani 
et al. [2008]. 
 

4. An empirical dynamic model of the world oil market  

The mission of OPEC is to “coordinate and unify the petroleum policies 
of its Member Countries” [OPEC, 2017]; however, it is unclear whether 
OPEC behaves as a cartel. As a step towards better understanding and 
modeling the world oil market and OPEC in particular, our work in Lin 
Lawell [2017] estimates a Hotelling model of the world oil market and 
tests whether OPEC countries colluded and whether non-OPEC countries 
behaved as price takers or oligopolists over the period 1970-2004.  

Our research in Lin Lawell [2017] makes several important 
contributions to the existing literature. First, it takes to data the 
theoretical model of optimal nonrenewable resource extraction that was 
first examined by Hotelling [1931], and later expanded upon by many 
others [see e.g., Pindyck, 1976; Cremer and Weitzman, 1976; Solow and 
Wan, 1976; Pindyck, 1978; Hanson, 1980; Pindyck, 1980; Pesaran, 
1990; Farzin, 1992; Farzin, 1995; Lin, 2009; Lin et al., 2009; Lin and 
Wagner, 2007; Leighty and Lin, 2012; Ghandi and Lin, 2012; Anderson, 
Kellogg and Salant, forthcoming; Ghandi and Lin Lawell, 2017).  
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Unlike many previous empirical studies of the petroleum market, 
which use a static model, in Lin Lawell [2017] we estimate a Hotelling 
model of the world petroleum market, which is a dynamic model.  The 
dynamics in Lin Lawell [2017] arise from the nonrenewable nature of the 
resource.  

A second contribution is that our work in Lin Lawell [2017] builds 
upon existing empirical studies of nonrenewable resource markets by 
addressing the identification problem that arises in empirical analyses of 
supply and demand. Because the observed equilibrium prices and 
quantities are simultaneously determined in the supply-and-demand 
system, instrumental variables are needed to address the endogeneity 
problem [Lin, 2011].  

The third contribution is that our work in Lin Lawell [2017] develops 
a Hotelling model that enables one to test for the market conduct of 
OPEC and non-OPEC producers.   

Our empirical dynamic model in Lin Lawell [2017] is based on taking 
an optimal control theory-based Hotelling model to data.  In particular, 
we use the first-order conditions from an optimal control theory model of 
optimal nonrenewable resource extraction under different market 
conditions to formulate a general supply-side first-order condition that 
we then estimate with data. 

According to our results in Lin Lawell [2017], results of the analysis 
by decade support OPEC countries colluding as the dominant cartel 
producer and non-OPEC countries behaving as an oligopolistic fringe. 
Market demand has become more inelastic over time over the period of 
study. The estimated shadow prices are jointly significant, which is 
consistent with the hypothesis that a Hotelling model, which accounts for 
the nonrenewable nature of the resource, is a more appropriate model for 
the world oil market than a static model is. 

Our results in Lin Lawell [2017] therefore show that dynamic 
behavior and strategic interactions are important aspects of the world oil 
market that must be accounted for in empirical analyses of the world oil 
market. 
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5. A structural econometric model of the dynamic game among 
petroleum-producing firms     

In Kheiravar et al. [2017], we develop and estimate a structural 
econometric model of the dynamic game among petroleum-producing 
firms in the world petroleum market.  Our model allows firms that are at 
least partially state-owned to have objectives other than profit 
maximization alone.  We apply this model to panel data on firm-level oil 
and gas exploration, development, production, mergers, acquisitions, and 
reserves along with data on oil and gas prices to study the behavior of the 
top 50 oil and natural gas producing companies in the world.  

We then use the parameters estimated from our structural 
econometric model to simulate counterfactual scenarios to analyze the 
effects of changes in OPEC membership, the privatization of state-owned 
oil companies, a ban on mergers, and demand shocks on the petroleum 
industry.  

There are several advantages to using a dynamic structural model to 
analyze the investment, production, merger, and acquisition decisions of 
petroleum-producing firms. First, unlike reduced-form models, a 
structural approach explicitly models the dynamics of these decisions.  
The production decisions of oil and gas producers are dynamic because 
petroleum is a nonrenewable resource; as a consequence, current 
extraction and production affect the availability of reserves for future 
extraction and production.  The exploration, development, merger, and 
acquisition decisions of petroleum producers are dynamic because they 
are irreversible investments, because their payoffs are uncertain, and 
because petroleum producers have leeway over the timing of these 
investment decisions.  Since the profits from investment and production 
decisions depend on market conditions such as the oil price that vary 
stochastically over time, an individual firm operating in isolation that 
hopes to make dynamically optimal decisions would need to account for 
the option value to waiting before making these irreversible investments 
[Dixit and Pindyck, 1994]. 

A second advantage of our model of the dynamic game between 
petroleum producers is that it models the strategic nature of the decisions 
of petroleum-producing firms. Petroleum producers consider not only 
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future market conditions but also their competitors’ investment and 
production activities when making their current decisions. Since the 
production decisions of other firms affect the prices of oil and natural 
gas, and therefore affect a firm’s current payoff from production, and 
since the investment and production decisions of other firms affect future 
values of state variables which affect a firm’s future payoff from 
producing and investing, petroleum-producing firms must anticipate the 
production and investment strategies of other firms in order to make a 
dynamically optimal decision.  As a consequence, there are strategic 
interactions between petroleum-producing firms.   

A third advantage of our structural model is that it enables us to 
estimate the effect of each state variable on the expected payoffs from 
exploration, development, production, merger, and acquisition decisions, 
and therefore enables us to estimate parameters that have direct 
economic interpretations.  Our dynamic model accounts for the 
continuation value, which is the expected value of the value function 
next period.  With the structural model we are able to estimate 
parameters in the payoffs from exploration, development, production, 
merger, and acquisition, since we are able to structurally model how the 
continuation values relate to the payoffs from each of these decisions.  

A fourth advantage of our structural model is that we are able to 
model the interdependence of petroleum-producing firms’ value 
functions.  When one firm merges with or acquires another firm, the 
value of the other firm with which it merges or acquires is given by that 
other firm‘s value function, which is the present discounted value of the 
entire stream of per-period payoffs of that other firm, and which accounts 
for the options that that other firm has to explore, develop, produce, 
merge, and acquire.  Thus, a firm’s value function depends on the 
expected value of other firms with which it has the option to merge or 
acquire.  Therefore, the firms’ value functions are interdependent.          

A fifth advantage of our structural model is that we can use the 
parameter estimates from our structural model to simulate various 
counterfactual scenarios.  We use our estimates to simulate 
counterfactual scenarios to analyze the effects of changes in OPEC 
membership, the privatization of state-owned oil companies, a ban on 
mergers, and demand shocks on the petroleum industry.  
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We build on the literature on structural econometric models of 
dynamic games.  In Lin [2013], we develop and estimate a structural 
model of the multi-stage investment timing game in offshore petroleum 
production. When individual petroleum-producing firms make their 
exploration and development investment timing decisions, positive 
information externalities and negative extraction externalities may lead 
them to interact strategically with their neighbors.  If they do occur, 
strategic interactions in petroleum production would lead to a loss in 
both firm profit and government royalty revenue.  The possibility of 
strategic interactions thus poses a concern to policy-makers and affects 
the optimal government policy. In Lin [2013], we examine whether these 
inefficient strategic interactions take place on U.S. federal lands in the 
Gulf of Mexico.  In particular, we analyze whether one firm‘s production 
decisions and profits depend on the decisions of firms owning 
neighboring tracts of land.  The empirical approach is to estimate a 
structural econometric model of the firms’ multi-stage investment timing 
game.    

In our model of the dynamic game among petroleum-producing firms 
in the world petroleum market in Kheiravar et al. [2017], a firm’s 
decisions may depend on the decisions of other firms through several 
channels.  First, aggregate output of oil and natural gas affect the prices 
of oil and natural gas faced by each firm; as a consequence, owing to 
market power, each firm’s production decisions affect the prices faced by 
all firms.  Second, aggregate output, aggregate reserves, and aggregate 
capital expenditures affect each firm’s policy functions.  Thus, each 
firm’s decisions depend on the aggregate output and capital expenditure 
of all other firms, and on the aggregate reserves of all other firms.  Third, 
aggregate output affects the transition densities for the global state 
variables.  Thus, production decisions of each firm affect future values of 
the state variables, which then affect the payoffs and decisions of all 
firms. 

There are several sources of uncertainty in our model of a dynamic 
game in Kheiravar et al. [2017].  First, future values of the state variables 
are stochastic.  Second, each player receives private information shocks.  
Third, there are shocks to oil demand and regional natural gas demand.  
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Fourth, merger and acquisition costs are private information to each firm, 
and are not observed by either other firms or the econometrician.  

We assume that each firm optimizes its behavior conditional on the 
current state variables, other firms’ strategies and its own private shocks, 
which results in a Markov perfect equilibrium (MPE).  In a Markov 
perfect equilibrium, the optimal strategy for each firm should therefore 
yield an expected present discounted value of the entire stream of per-
period payoffs at least as high as the expected present discounted value 
of the entire stream of per-period payoffs from any alternative strategy. 

We estimate the structural econometric model in two steps.  In the 
first step, we characterize the equilibrium policy functions for the firms’ 
decisions regarding exploration, development, production, merger, and 
acquisition as functions of state variables by using reduced-form 
regressions correlating actions to states.   We also estimate the transition 
density for the state variables.  We then calculate value functions using 
forward simulation following methods in Hotz et al. [1994] and Bajari et 
al. [2007].   

In the second step, using the condition for a Markov perfect 
equilibrium, we find the parameters that minimize any profitable 
deviations from the optimal policy as given by the policy functions 
estimated in the first step.   

An innovation we make in our econometric method arises since a 
firm’s own value function depends on the expected value of the value 
function of other firms that the firm may acquire or with which the firm 
may merge.  We address the endogeneity of value functions using a fixed 
point algorithm.  

We use the structural econometric model to analyze the effects of 
changes in OPEC membership, the privatization of state-owned oil 
companies, a ban on mergers, and demand shocks on the petroleum 
industry.   

The results of our research in Kheiravar et al. [2017] will be of 
interest to academics, policy-makers, entrepreneurs, and business 
practitioners, including oil companies, alike.  Our modeling outcomes 
can be used to help inform decision-making and policy design.  This 
model will also help petroleum firms better respond to government 
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policies, and will help policy-makers better design sustainable energy 
policies. 

 

6. Conclusion 

The decisions made by petroleum producers in the world oil market are 
both dynamic and strategic, and are thus best modeled as a dynamic 
game.  In this chapter, we review the literature on the world oil market 
and discuss our research on econometric modeling of the world oil 
market as a dynamic game.  Our research on econometric modeling of 
the world oil market as a dynamic game research builds on the previous 
literature by combining three erstwhile separate dimensions of modeling 
the world oil market: dynamic optimization, game theory, and 
econometrics.   

Our results show that dynamic behavior and strategic interactions are 
important aspects of the world oil market that must be accounted for in 
empirical analyses of the world oil market. 

In ongoing and future work, we hope to use our structural 
econometric model to better understand how government policies, 
changing geopolitical landscapes, and disruptive technologies, such as 
shale oil and gas, and new batteries for electric vehicles, impact future 
business models, the competition of fuels, and the composition of future 
energy demand.  We would also like to use our structural econometric 
model to analyze how industry will respond to regulatory and/or societal 
demands for reduced greenhouse gas emissions and improved 
environmental quality; to examine how the oil industry might transition 
to more sustainable fuels; and to better understand what is required for 
early alternative fuel transitions to succeed.   

In future work, we hope to use our structural econometric model 
modeling outcomes to help inform decision-making and policy design.  
In particular, we hope to help petroleum firms better respond to 
government policies, and to help policy-makers better design sustainable 
energy policies.  
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The results of our research will be of interest to academics, policy-
makers, entrepreneurs, and business practitioners, including oil 
companies, alike. 
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