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Overview
In natural gas markets, reserve assessment is fundamental for policy analysis and decision making. Under a simple dynamic hypothesis it is possible and reasonable to explain and model reserves evolution by linking market variables such as demand, price and investment with gas exploration and reserves growth. Although a non-stochastic model of the market may enlighten the dynamics of exploration and discoveries in this industry, typical of mature markets, this cannot explain spikes in reserves evolution, typical of non-mature markets, and which are caused by the randomness associated with the size and timing of discoveries. The Colombian gas market illustrates this case; the large increases in reserves observed in the early stages of the market are not totally explained by market activities. Rather than rejecting our simple dynamic hypothesis, we broaden it by including discoveries as a double-stochastic component, aiming to capture some of the major uncertainties observed in immature markets.
Methods 
Natural gas discoveries are more closely related to the development of regional markets than oil discoveries. Large transportation costs, along with high storage costs prevent arbitrage and thus the pattern of discovery and exploitation of reserves is largely dependent on the maturity of regional gas markets. Gas discoveries are uncertain because resources are randomly distributed and because the factors that trigger exploration, such as market signals, government policies and taxes, are also uncertain. Moreover, the relationship between economic and market signals and random gas discoveries is not generally considered when analyzing gas markets and policies. The usual approach to explain the evolution of discoveries and reserves has been based on the development of two sets of independent models: a) geological and engineering models1,2 and b) economic models founded on the theory of exhaustible resources3,4,5,6,7. Although both geological and economic approaches explain important exploration and market processes, when taken separately, they are unable to explain how new gas markets are formed.

To study the effect of early random discoveries in the formation and development of natural gas markets, we incorporate uncertainty of discoveries into a system dynamics model of the natural gas market8.  Uncertainty of discoveries is explained by two different stochastic hypotheses.  According to the first hypothesis, size and sequence of discoveries are two concurrent stochastic processes whose parameters are invariant during simulation. As expected, the two stochastic processes of discovery size and timing result in large discoveries that cannot be explained by exploration activity alone. With this hypothesis, however, large discoveries are as likely to occur during the early exploration stages as during the late stages.  As this behavior contradicts observed discoveries sequences, we propose a second stochastic hypothesis in which reserves are found in a sampling without replacement process (see Figure 1). This second hypothesis correctly reproduces the sequence of size and timing of discoveries and seems more adequate to represent the discovery process of immature markets.
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Figure 1. A dynamic hypothesis where proven reserves depend on exploration, uncertainty of discoveries and demand.
Results
Proven reserves are simulated with a deterministic market model8, depicted by line 3. Proven reserves in the deterministic model decrease when the market begins to develop and large discoveries occur only after the market signals are strong enough to stimulate exploration levels above reserves replacement. Line 1 in Figure 2 represents the proven reserves modelled with discoveries resulting from the two concurrent stochastic processes of hypothesis 1 and a dynamic market model for exploratory activity.  Discoveries at the beginning of exploration stages are larger with the dynamic hypothesis 2 (line 2) than under the other two hypotheses; this increases the availability of natural gas and stimulates consumption, thus accelerating market development and reserves depletion.
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 Figure 2. Comparison of proven reserves simulated with a deterministic system dynamics model (3) and proven reserves simulated with hypotheses 1 and 2

Production rates are more important determinants of the long-run evolution of reserves than the particular discovery sequence, as can be appreciated in Figure 2. In the short run, however, the particular sequence of discoveries has important effects on the industry development.
Conclusions

Unlike the simple deterministic hypothesis of discoveries, which correctly explains marginal reserves additions, our stochastic hypothesis explains large increments in reserve growth, especially in emerging markets in which natural gas consumption is often incipient and cannot absorb big quantities of gas. By introducing a stochastic component to a dynamic market model, we can reproduce past behavior while being consistent with the investor rationality of market models. Then, the approach we present increases our understanding of recently created markets and contributes to better modeling future market development while improving policy analysis.

Modelling to support policy analysis and strategic decision making in the natural gas industry may benefit from directly incorporating scenario analysis and stochastic behaviours, depending on market maturity and on the probability of finding large reservoirs. In a more advanced stage of this research, we could investigate the interaction of other market elements, such as transportation capacity or the role of petroleum price expectations in natural gas discoveries
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