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Abstract 

The growing share of natural gas in the worldwide energy balance as well as the proceeding 

evolution of the natural gas markets from the previously dominating monopolistic structures 

to a more and more liberal market nature during the last few decades are steadily increasing 

the relevance of risk management tools and means of effectively balancing demand 

fluctuations. In this respect natural gas storage facilities constitute the only efficient and 

reliable source for managing seasonal imbalances between supply and demand and providing 

a certain cushion for both. Hence, an extensive debate on this topic is clearly necessary. 

 

The thesis at hand is primarily concerned with the development of a reliable valuation 

methodology for natural gas storage facilities that offers a healthy balance between 

mathematical meticulousness, computational efficiency, and manageability. For this purpose 

the characteristics and technical idiosyncrasies of natural gas storage facilities are 

comprehensively analysed and translated into an adequate mathematical formulation of the 

storage facility’s optimization problem. Further, the range of possible valuation 

methodologies is discussed and multistage stochastic linear programming (MSLP) is proposed 

as the probably most feasible approach. Moreover, the applicability of MSLP to the 

optimization problem is analysed and possible pitfalls are highlighted. 

 

In order to develop a well-founded valuation framework it is further necessary to establish an 

elaborate knowledge base by investigating appropriate price process models, general 

characteristics of the energy sector’s derivative instruments, as well as the structures and 

evolutions of the worldwide natural gas markets prior to the actual design of the valuation 

methodology. All of the above is accomplished in the first part of the thesis at hand as 

foundation for the second part’s extensive investigation of appropriate valuation concepts. 
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1 Introduction: Natural Gas as the Energy Source of the 

Future 

1.1 Background of the Topic 

During the last few decades the evolutions observable on the natural gas markets throughout 

the world were characterized by the tendency of deregulation and elimination of government 

monopolies. Regarding these developments the USA and the UK clearly lead the way with 

markets that accomplished liberalization at a time at which the rest of the world frequently 

still exhibited completely monopolistic structures. However, what is obvious from the USA 

and UK examples is that the market participants are today forced to directly compete in the 

natural gas retail markets and – as the market price is following the forces of supply and 

demand to a huge extent – they find themselves exposed to an increasing market price and 

counterparty performance risk. Due to this immanent risk exposure the natural gas markets 

started originating a true arsenal of risk management tools like forward or futures contracts, 

options, swaps, and so on. Whereas this process took place relatively smoothly in the USA 

and the UK, it was or still is, respectively, of a more rapid nature in Continental Europe what 

in turn renders a conscious debate on the topic necessary. 

 

Simultaneously and in addition to the proceeding liberalization, the energy source natural gas 

itself has experienced a real metamorphosis from the apparently useless by-product of oil 

production that was burned in huge amounts directly at the fields to the fastest growing 

energy commodity of these days. The reasons for this evolution are manifold. Compared to 

other energy sources natural gas constitutes a relatively clean fuel while featuring a high 

energy content and sufficiently large reserves at the same time. Thus, it is likely to become 

the dominant energy source of the next decades as long as the energy delivery capacity of 

renewable sources is not sufficient to satisfy the worldwide demand. Moreover, the 

importance of natural gas as energy source has further increased due to its growing 

application for electricity generation what in turn will probably result in a much stronger 

relationship between natural gas and electricity prices in the future. Finally, the markets of the 

next decades are very likely to exhibit a rather global nature as the ongoing investments in 

liquefied natural gas (LNG) facilities and transportation will eventually help to overcome the 

current barriers of worldwide trade and, thus, the actual fragmentation of the world natural 

gas market. 
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Traditionally, most natural gas markets exhibit seasonal demand fluctuations, which are the 

result of a comparatively low summer demand and the heavily increasing natural gas 

consumption in the winter months due to heating purposes. Obviously, natural gas prices 

behaved accordingly, thus, featuring low summer and high winter prices. In consideration of 

these demand fluctuations the solely noteworthy means for managing the seasonal imbalances 

between supply and demand is constituted by efficient and reliable natural gas storage 

facilities that simultaneously provide the only significant supply and demand cushion and a 

highly interesting business model for generating revenues. However, the steadily increasing 

application of natural gas as a fuel for electricity generation will inevitably result in an 

additional demand peak at the time of highest electricity consumption (most likely in summer 

due to the increasing use of electrically operated air-conditioning) and, hence, in a further 

contribution to natural gas demand fluctuations. Due to these facts the requirement for 

additional investments in natural gas storage facilities as well as the thorough analysis of their 

optimal utilization has never been greater. Hence, valuation and optimization methodologies, 

that, on the one hand, accurately account for the technical idiosyncrasies of natural gas 

storage facilities and, on the other hand, are capable of dealing with the stochastic nature of 

future natural gas price evolutions, are highly necessary. Further, the exploitation of the value 

generating potential of a natural gas storage facility according to an optimal operating scheme 

as well as the determination of this optimal value in advance constitute a challenging new 

field of research in its own right: the field of real options theory. 

 

1.2 Thesis’ Main Focus and Research Questions 

The field of real options theory is basically established on the discovery that a variety of 

business models and decisions exists today, which exhibit properties that are very similar to 

those of derivative contracts applied on the financial markets. In light of this idea, a natural 

gas well, for instance, can be interpreted as a series of call options on the price of natural gas 

with the strike price being the total operating and opportunity costs of producing natural gas. 

The same holds for natural gas storage facilities that – under the assumption that there are no 

operational restrictions – can be easily considered as a series of call and put options with 

different strike prices. Further, derivative prices can be applied in order to determine a 

market’s risk preferences as well as its expectations on the probability distribution of future 

prices. The resulting challenge is to operate a natural gas storage facility in a way that 

maximizes the expected future cash flows and, hence, the market value of the facility itself – 
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both in consideration of the market’s view of future uncertainties and its tolerance towards 

those uncertainties. However, in reality further difficulties are imposed due to the highly 

complex operating characteristics of natural gas storage facilities and possible extreme 

fluctuations of the underlying natural gas prices. Hence, the exotic natures of both natural gas 

storage facilities and natural gas prices render the development of new methodologies from a 

theoretical as well as numerical perspective necessary. (THOMPSON, DAVISON, & RASMUSSEN, 

n.d., pp. 4-5) 

 

The thesis at hand is therefore mainly concerned with the development of a feasible valuation 

and optimization methodology for natural gas storage facilities that offers the necessary 

balance between mathematical meticulousness, computational efficiency, and manageability. 

Thereby, the investigation was heavily inspired by the methodology of multistage stochastic 

linear programming (MSLP) for solving complex optimization problems. As can be seen in 

BLÖCHLINGER, FRAUENDORFER, and HAARBRÜCKER (2006) as well as in HAARBRÜCKER and 

KUHN (2006), MSLP has already proved to be highly successful in its application to complex 

electricity market contracts like, for instance, swing options (also referred to as virtual power 

plants (VPPs) or take-or-pay-contracts). Since electricity swing options and natural gas 

storage facilities exhibit several similarities in their characteristics, MSLP can be assumed to 

be applicable to the valuation of natural gas storage facilities as well. Further, the 

methodology of MSLP constitutes the foundation of the software package BIT@EPI.VPP that 

was developed at the Institute for Operations Research and Computational Finance (ior/cf-

HSG) of the University of St. Gallen. This software is capable of valuing a broad class of 

electricity contracts against simulated future price scenarios (i.e. from standard contracts like 

futures and options up to the much more complex virtual power plant contracts) as well as 

determining efficient exercise strategies for the respective contracts in question 

(BLÖCHLINGER, HAARBRÜCKER, & KUHN, 2006, p. 1). In this context MSLP has also proved 

to generate reliable results. 

 

Hence, the ultimate research questions addressed in this thesis can be formulated in the 

following way: 

• According to which methodology can the valuation and optimization of natural 

gas storage facilities be conducted in a way that offers the necessary balance 

between mathematical meticulousness, computational efficiency, and 

manageability? 
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• In light of this purpose, may the methodology of multistage stochastic linear 

programming be successfully adapted to the context of natural gas storage 

facilities and does it, hence, provide the key to success? 

 

However, in order to successfully answer the above central research questions, several related 

sub-questions need to be addressed whose purpose is to provide the necessary knowledge 

base for a holistic investigation of the problem at hand. According to the sequence of 

examination in this thesis these sub-questions are: 

• Which price process models are in place in the field of finance and which one is 

suited best to reflect the characteristics of the natural gas price evolution? 

• Which derivative instruments do exist on the energy markets and what are their 

similarities to natural gas storage facilities? 

• What are the main characteristics and idiosyncrasies of the natural gas markets 

in general and its price processes, dynamics, and distributions in particular, 

which need to be considered in the description and valuation of storage facilities? 

• What are the technical idiosyncrasies of natural gas storage facilities? Which 

optionalities do they offer? 

• Which range of possible methodologies is available for the valuation of natural 

gas storage facilities? What are their respective advantages and disadvantages? 

• How does the methodology of multistage stochastic linear programming work? 

• How does the mathematical formulation of the optimization problem of a natural 

gas storage facility look like and how can their technical characteristics be 

reflected appropriately? 

• Is the application of multistage stochastic linear programming to the established 

optimization problem feasible? 

 

In light of the above main research questions and associated sub-questions, the objective of 

the thesis at hand can be subsumed as providing a feasible valuation and optimization (in 

terms of efficient operation) framework for natural gas storage facilities for academics as well 

as practitioners that accounts for both the exotic natures of storage facilities and natural gas 

prices. This framework might set the foundation for the development of a corresponding 

software package following the example of the BIT@EPI.VPP software mentioned before. 

Thus, the valuation framework developed in the context of this thesis will eventually evolve 

to a highly useful tool for practitioners like, for instance, energy companies, which are 
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interested in an exact valuation of natural gas storage facilities due to investment, planning, 

and risk management purposes. In addition, the elaborated knowledge base on general price 

processes, derivatives, and the natural gas market itself, which is necessary to develop a 

sophisticated valuation framework, will help academics as well as practitioners to better 

understand the underlying interconnections and, hence, facilitate further research on this 

topic. 

 

1.3 Review of Existing Literature 

Prior to the beginning of the actual investigation it is necessary to review the range of existing 

literature on the topic. Thereby, it is rapidly observable that the completeness of already 

conducted research and published literature mainly depends on the level on which the 

investigation of the topic took place (i.e. the depth of research). This means that with regard 

to contributions that are concerned with derivative instruments in general, a huge variety of 

much cited core literature can be found. However, works of this category at most mention the 

natural gas markets and its derivatives; an extensive investigation or the presentation of 

valuation methodologies does not appear. The number of existing literature heavily 

diminishes, the more one focuses on the specific field of the natural gas markets and its 

derivatives. Thus, on the level of literature that is particularly concerned with commodity or 

energy derivatives, the available choice has already enormously decreased compared to 

general derivative literature, but some works are still in place; whereas contributions, which 

are exclusively focused on the electricity or natural gas markets and its derivatives, are only 

sparsely or simply not available. 

 

In order not to overload the reader with dozens of authors and their respective contributions, 

Table 1.1 presents a comprehensive overview of the existing literature on various levels of 

investigation as well as the main contributions of the authors to the field. In general, it may be 

resumed that the more specific the focus of the respective work and the closer its topic is to 

the natural gas markets, the more extensive is the conducted analysis and the more valuable 

are the respective contributions in the framework of this thesis. 
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Level of 
Investigation 

Existing Works Main Contributions 

Hull, 2001 • Examination of financial derivative markets and traded 
products (forwards, futures, options, swaps) 

• Valuation of financial derivative products 
• Examination of methodologies: binomial tree, Black-Scholes, 

etc. 
• Hedging, risk management 

Hull, 2006 • Examination of financial derivative markets and traded 
products 

• Valuation of financial derivative products 
• Analysis of price process models 
• Examination of volatility structures, correlations 
• Risk management: value at risk, credit risk, etc. 
• Examination of exotic derivatives (weather, electricity, 

insurance) 

Derivative 
instruments 
(in general 
with focus on 
financial 
derivatives) 

Numerous others Similar contributions 

Commodity 
derivatives (in 
general) 

Geman, 2005 • Examination of commodity market instruments, exchanges, 
and strategies in general 

• Stochastic modelling of commodity price processes 
• Comprehensive overview of commodity markets (agricultural 

products, metal, oil, natural gas, electricity) 
• Valuation of plain-vanilla, Asian, barrier, and quanto options 

Clewlow & Strickland, 
2000 

• Examination of energy spot price characteristics, volatilities, 
forward curves, and general energy derivative contracts 

• Valuation of energy derivatives by applying spot price and 
forward curve models (basic foundations) 

• Risk management and credit risk in energy markets 

Eydeland & Wolyniec, 
2003 

• Examination of the various energy markets, products, and 
structures in general 

• Extensive examination of energy price processes, dynamics, 
volatilities, and correlations 

• Analysis of a variety of price process models (spot, forward, 
and hybrid) 

• Valuation of real power plants 
• Risk management 

Fusaro, 1998 • Examination of energy derivatives and energy market 
developments in general 

• Special focus on electricity market evolutions and exchanges 
• Risk management: value at risk, credit risk, counterparty risk 

Energy 
derivatives (in 
general) 

Pilipovic, 1998 • Analysis of energy spot price behaviour and forward price 
curves 

• Examination of various price process models (spot, forward) 
• Valuation of energy options with different approaches 
• Risk management and portfolio analysis 

Blöchlinger, Frauendorfer, 
& Haarbrücker, 2006 

• Examination of electricity swing options (VPPs) 
• Valuation of electricity swing options by applying multistage 

stochastic linear programming (MSLP) 
Blöchlinger, Haarbrücker, 
& Kuhn, 2006 

• Examination of electricity swing options (VPPs) 
• Valuation of electricity swing options by applying multistage 

stochastic linear programming (MSLP) 
• Comparison with deterministic valuation methodologies 

Frauendorfer & 
Schwendener, 2007 

• Comparison of stochastic versus deterministic valuation 
methodologies 

• Illustration of valuation differences by valuing electricity swing 
options (VPPs) 

Electricity 
markets and 
its derivatives 

Haarbrücker & Kuhn, 
2006 

• Examination of electricity swing options (VPPs) 
• Valuation of electricity swing options by applying multistage 

stochastic linear programming (MSLP) 
• Analysis and incorporation of forward price dynamics 
• Introduction of several approximations 

Chen & Forsyth, 2006 • Examination of natural gas storage facilities 
• Valuation of natural gas storage facilities by applying a semi-

lagrangian approach 

Natural Gas 
markets and 
its derivatives 

Thompson, Davison, & 
Rasmussen, n.d. 

• Examination of natural gas storage facilities 
• Valuation of natural gas storage facilities by applying nonlinear 

partial-integro-differential equations (PIDEs) 

Table 1.1: Review of Existing Literature (own depiction) 
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A few more words are necessary on the works listed in the two last categories of the table 

above. The papers of BLÖCHLINGER, FRAUENDORFER, ET AL. (2006), BLÖCHLINGER, 

HAARBRÜCKER, ET AL. (2006), and HAARBRÜCKER and KUHN (2006) are mainly concerned 

with investigating the idiosyncrasies of electricity swing options and the development of an 

appropriate valuation framework for these contracts. Although these works established an 

excellent valuation methodology, it is not directly applicable to natural gas storage facilities 

without further modifications. However, important foundations for the valuation framework 

proposed in the thesis at hand were set due to these studies. 

 

In contrast, the papers of CHEN and FORSYTH (2006) as well as THOMPSON ET AL. (n.d.) are 

concretely focused on the valuation of natural gas storage facilities. The authors provide an 

extensive analysis of the characteristics and idiosyncrasies of natural gas storages facilities 

and are able to reflect most findings in their formulations of the accompanying optimization 

problem. Both, however, apply valuation methodologies to the problem at hand that are not 

able to reflect the dynamics of future natural gas price evolutions appropriately and may be 

thus characterized as of a rather static nature. Hence, their proposed valuation procedures do 

not completely satisfy the needs of a dynamic risk management. 

 

1.4 Methodology and Structure of the Thesis 

In Chapter 2 the intended line of research of this thesis starts with the review of several 

important price process models applied in the world of finance. Moreover, several 

characteristics of commodity price evolutions in general and those of natural gas in particular 

are investigated at the beginning of this chapter, in order to be able to decide on one of the 

presented price process models to be most appropriate for the application to natural gas. The 

price process model will constitute an important component of the resulting valuation 

framework, thus, this first step needs to be conducted with highest accuracy. 

 

The purpose of Chapter 3 is to present the range of derivative instruments that are traded in 

the energy sector – again with a special focus to natural gas. This is of particular importance 

as most complex derivative instruments or real world business models, respectively, can be 

decomposed into one or more standard derivative instruments, thus, simplifying their 

understanding, application, and valuation. This idea has its foundation in the field of real 
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options theory and holds for natural gas storage facilities as well, which exhibit similarities to 

a couple of standard derivative instruments. 

 

Chapter 4 is exclusively addressing itself to the world of natural gas. In the first part general 

characteristics of the worldwide natural gas markets like, for instance, its current 

fragmentation, growing importance, and consumption patterns are shortly investigated. 

Significant implications for the future application and meaning of natural gas storage facilities 

can already be drawn from this first section. In contrary, the second part of this chapter 

analyses the price processes, dynamics, and distributions of natural gas spot and forward 

prices, what will hold particularly meaningful insights for the development of the proposed 

valuation framework. 

 

The subsequently following Chapter 5 is solely focused on natural gas storage facilities. In 

the first subsection their main characteristics, functionalities, and technical restrictions are 

discussed in order to draw implications for the formulation of the valuation framework in later 

stages. The second subsection presents several general methodologies how the valuation of a 

natural gas storage facility may be conducted and compares their advantages as well as 

disadvantages. Finally, the third and last subsection is concerned with the valuation of storage 

facilities by using multistage stochastic linear programming (MSLP). Application 

requirements and the methodology itself are discussed, an appropriate optimization problem is 

formulated, and the applicability of MSLP to the problem is analysed. 

 

Chapter 6 eventually summarizes the findings of the conducted research and draws a final 

conclusion of the thesis. 
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2 Review of Price Process Models and Their Applicability to 

Commodities 

The value of the ownership of any asset or commodity as well as derivative contract based on 

one of these assets or commodities is mainly dependent on the future prices of the underlying. 

Their expected values are depicted as an average scenario in the price forward curve but, 

despite that, their exact evolution in reality needs to be characterized as uncertain and 

stochastic from today’s viewpoint. Hence, in addition to the price forward curve further 

models are necessary, which include market dynamics as well as inherent market 

uncertainties in form of their general construction or parameterization and, thus, are able to 

describe the price evolution of the underlying properly. 

 

The following chapter starts with providing an overview and discussion of various 

idiosyncrasies of commodity prices with a particular focus on natural gas prices. 

Subsequently, general concepts applied for modelling the dynamics of asset prices and 

forward curves on the financial markets are described and their applicability to the asset class 

of commodities in general and natural gas in particular is investigated. 

 

The goal of this section may be characterized as providing the reader with the necessary basic 

knowledge in order to fully understand the discussions on the topic specifically focused on 

price processes in the natural gas markets, which will follow in later sections of this thesis. 

Further, modelling the spot price evolution appropriately is a basic requirement for almost 

every valuation procedure. As the final aim of this thesis is the development of a valuation 

model for natural gas storage facilities, determining the best model for describing the 

evolution of the natural gas price is, hence, important as a first step. 

 

2.1 Spot Prices and the Randomness of Future Price Evolutions 

By looking on a specific market today, one can easily observe the spot price of a given 

commodity as well as its forward curve providing the market participants with liquid 

maturities for various periods of time ranging from one month up to a few years depending on 

the underlying commodity. Furthermore, the forward curve provides useful information on 

the market participants’ anticipation of future spot prices. Although the current spot and 

forward prices of a specific commodity should be applied in order to mark-to-market real 
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physical or financial contracts concerning the respective commodity, it is highly important to 

note that the commodity prices observed today are definitely not sufficient to judge a 

commodity’s future activity (e.g. its price evolution) nor to decide on the current exercise of, 

for instance, a swing option or the injection or withdrawal of natural gas into or out of a gas 

storage facility, respectively. (GEMAN, 2005, p. 49) 

 

Thus, spot and forward prices need to be considered as completely random regarding their 

future evolution. In order to generate a reliable surface for valuation purposes and the like, 

these price processes need to be modelled and adjusted to the specific characteristics of the 

respective commodity price. That in turn means, one is moving forward by building on 

existing knowledge (e.g. the choice and correct parameterization of the price process). To 

clarify this approach, one may think of the simple case of a commodity spot price S. All of its 

future values from now on constitute a stochastic process St while the current date is denoted 

as t. According to GEMAN (2005, pp. 49-50) several conditions need to be met by the model in 

question: 

• The most appropriate mathematical structure for S needs to be found, meaning 

that the type of the process (e.g. Brownian motion, jump diffusion, etc.) should 

adequately reflect the characteristics observable in the historical database of S. 

Thus, the stochastic process St should lead to a probability distribution for the 

random variable ST (T > t) that coincides to the empirical moments as well as 

other known features of the historically observed distribution. Moreover, the 

stochastic process St needs to have the ability of reflecting the observed dynamics 

of S in reality. 

• Each stochastic process St involves several parameters influencing the resulting 

probability distribution of the random variable ST (T > t). As those parameters are 

estimated from market data it is highly important to have sufficiently liquid 

markets at hand, which are able to provide a data set as clean as possible and with 

a sufficient amount of observations in order to guarantee a correct decision about 

the parameterization of the chosen stochastic process St. 

 

2.2 Idiosyncrasies of Commodity Prices 

On average, share prices exhibit a trend to grow as the investors are rewarded for their 

money’s time value increased by a risk premium. In contrast, commodity prices can be 
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characterized as relatively stable over long periods of time, what in turn constitutes one of the 

main differences between shares and commodities. Although commodity prices may show 

large fluctuations during short periods of time, those are almost always induced by specific 

events (e.g. weather extremes, political circumstances, etc.) and revert to “normal levels” in 

the long run. This statement goes in line with the concept of supply and demand determining 

the price of a specific product (PILIPOVIC, 1998, p. 57). In the case of a constant or slightly 

increasing demand over time and under the existence of an accordingly adjusting supply, 

prices should stay almost the same over time, being basically aligned to the long-term 

marginal costs of production (EYDELAND & WOLYNIEC, 2003, p. 110). Generally, this 

phenomenon is called mean-reversion. In combination with occasionally occurring price 

spikes caused by shocks in the balance of supply and demand this mean-reverting behaviour 

explains the typical price evolution of commodities. (GEMAN, 2005, pp. 52-59) 

 

Figure 2.1 depicts a visual example of the price behaviour described above. At the end of 

August 2005 the damage caused by hurricane Katrina tightened the supply of natural gas, 

thus, inducing the US natural gas price at Henry Hub to increase severely, whereas in the rest 

of the time period shown in Figure 2.1 the price can be characterized as relatively stable. 

After the supply shock the situation goes back to normality and prices move in the direction 

of their old values, what in turn may be interpreted as an example of the mean-reverting 

behaviour of commodity prices. GEMAN (2005, p. 59) further notes that shocks in the supply-

demand-balance like that described here simultaneously lead to spikes in the volatility of the 

respective commodity price. 

 



Derivatives in the Gas Industry  2 Review of Price Process Models 

- 12 - 

 
Figure 2.1: Natural Gas Prices at Henry Hub Between September 2004 and March 2006 

(OECD/IEA, 2006, p. 25) 

 

However, it is important to state that other researchers draw a slightly different picture of the 

mean-reverting behaviour of commodities and particularly of that of natural gas. EYDELAND 

and WOLYNIEC (2003, pp. 113-117), for example, found that there is no general evidence for 

the presence of mean-reversion in natural gas spot prices. Their results are quite mixed as they 

heavily depend on the investigated index and season. In their study the estimated mean-

reversion coefficients frequently need to be characterized as statistically insignificant and, 

furthermore, as highly unstable at almost all times. In the end, however, they conclude that 

mean-reversion in the natural gas spot market does exist, but its impact is very slow, hence, 

all existing data sets are too limited to really prove its existence.
1
 

 

Further, it is highly important to note that the volatility of all commodities is considerably 

higher compared to “ordinary” financial markets like the interest-rate market (with a volatility 

of around 10%) or the share market (with a volatility of 15-18%). At this point one may 

mention the volatility of natural gas with around 65-70% on an annual basis or that of coffee 

with 45-50% on an annual basis as some impressive examples. The most important reasons 

for these high volatilities are the limited number and high costs of suitable storage facilities in 

the case of natural gas and the coffee’s highly sensible exposure to weather conditions. The 

importance of a commodity’s storability can easily be clarified by the example of metal, 

which shows one of the lowest volatilities of all commodities what in turn may be explained 

                                                
1
 For further details on the characteristics of natural gas prices, their formation, distribution, and evolution 

please refer to Chapter 4.2. 
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by the storability of even large amounts and the ability of existing inventories to serve as a 

kind of buffer for shocks in the supply-demand-balance. (GEMAN, 2005, p. 60) 

 

With regard to the skewness and kurtosis of commodity price distributions one can observe 

that there is no general pattern of skewness identifiable across various commodities. Another 

picture may be drawn concerning the kurtosis: For all commodities it is greater than three,
2
 

meaning that the density in the tails is higher compared to a Gaussian normal distribution. 

Thus, the distributions of commodity prices in general exhibit “fat tails” or may be 

characterized as leptokurtic, respectively. Hence, the occurrence of rare events is higher than 

for prices showing a normal distribution. Note that in all analyses, which are based on 

distributive assumptions of a specific commodity price, the existence of fat tails needs to be 

taken into account very seriously. (GEMAN, 2005, p. 60) 

 

2.3 Price Process Models Used in Finance 

In the following section several common as well as rather exotic approaches for modelling 

price processes are reviewed. Most of them stem from the classic financial markets but are 

frequently used for modelling price evolutions of commodities as well. Please note that the 

review is not meant to be exhaustive as only the most common or best-suited models are 

included. Further, new models are steadily emerging. 

 

2.3.1 Arithmetic and Geometric Brownian Motion Models 

2.3.1.1 Arithmetic Brownian Motion 

In general, a process S that satisfies the following stochastic differential equation is referred to 

as arithmetic Brownian motion: 

 

dSt = � dt + � dWt  

 

The above equation implies that the change of the price S over an infinitesimal time interval 

dt – in the equation represented by dSt – is determined by the drift component � per unit of 

time dt plus the volatility � multiplied by the differential of a Brownian motion dWt. As dWt 

                                                
2
 For a detailed overview of all four moments of various commodity prices and their visual representations 

please refer to GEMAN, 2005, pp. 52-59. 
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follows a normal distribution with mean zero and standard deviation dt , the expected 

change in S is dependent on the strength and algebraic sign of the drift � and the number of 

infinitesimal time intervals dt only ( E(dSt ) = � dt + � � 0). Due to the structure of the above 

equation the price changes dSt may be characterized as independent and stationary, thus, the 

knowledge of past price changes has no meaning for future changes and the change in S over 

a time interval exhibits a constant distribution over time. (GEMAN, 2005, pp. 60-61). 

 

One may also rewrite the above equation in the following form, which clarifies the 

relationship between S at time t (“today”) and t+dt (“tomorrow”): 

 

St +dt = St + � dt + � dWt  

 

Depicted like that it is easily observable that the arithmetic Brownian motion satisfies the so-

called “Markov property”, which means that the evolution of the dependent variable (in this 

case St+dt) is only influenced by its current value (St), but is not dependent on any value in the 

past (prior to date t; e.g. St-dt) (HULL, 2006, p. 899). 

 

Further, it is important to note that by analyzing the right side of the above equation at time t, 

one can see that it represents an affine function of dWt (as the first part of the right side, 

St + � dt , is a real number). Thus, St+dt follows a normal distribution like dWt and therefore 

may take negative values. Concurrently, this characteristic also represents the main limitation 

of this otherwise impressive invention of the mathematician Louis Bachelier, since it renders 

the equation unfeasible for modelling share price evolutions, whose market price cannot go 

below zero due to the principle of limited liability. (GEMAN, 2005, p. 62) 

 

Despite the limitation described above, the arithmetic Brownian motion is still a useful model 

of representing a quantity that can take positive as well as negative values. In the framework 

of the analysis of commodities and their price relations used in this thesis it is, thus, 

applicable for the representation of a spread between two commodity prices, for instance, 

where there is no need for one price to be constantly higher than the other. However, as no 

commodity price does exhibit negative values in reality, the arithmetic Brownian motion is 

clearly not applicable to them directly. 
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2.3.1.2 Geometric Brownian Motion (Lognormal Price Model) 

Based on Bachelier’s model of the arithmetic Brownian motion, Paul Samuelson developed 

his model of the geometric Brownian motion or the so-called lognormal price model, in which 

the percentage return and not the (share) price itself follows an arithmetic Brownian motion. 

Hence, the problem of the price taking negative values was solved and a model was born, 

which is capable of describing the stochastic evolution of various underlyings traded on the 

financial markets. The practicability and relative simplicity of the model at hand result in its 

frequent application for modelling price evolutions of various underlyings traded on today’s 

financial markets. Samuelson’s model looks very similar to the former one with the only 

difference of the return on the underlying (i.e. the change in the value of S over the time 

interval dt divided by the initial value of S at time t) instead of the absolute price change 

forming the left-hand side of the equation: 

 

dSt

St

= � dt + � dWt  

 

In this equation the deterministic and constant parameter � is also called the “drift” and 

denotes – opposed to the arithmetic Brownian motion – the expected return per unit of time. 

The algebraic sign of � is perceived as positive in general as no investor would be interested 

in an asset offering negative expected returns. Further, the second part of the right-hand side 

of the equation is composed by a constant volatility � multiplied by the random stochastic 

term dWt, the differential of a Brownian motion, whose values are normally distributed with a 

mean of zero and a standard deviation of dt . (GEMAN, 2005, pp. 62-63; PILIPOVIC, 1998, p. 

62) 

 

Alternatively, the whole equation depicted above may be multiplied by the price of the 

underlying St, thus, resulting in the following way of depiction that now refers to the change 

in the price itself from time t to time t+dt: 

 

dSt = � St  dt + � St  dWt  

 

Here, the change in the price of the underlying over the time interval dt is still determined by 

(1) the deterministic drift component in � St dt and (2) the stochastic contribution to the 

change in the spot price with � St dWt. As can easily be observed both the drift and the 
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stochastic terms are directly proportional to the spot price level St at time t. Hence, the higher 

the price at time t, the greater is the expected change of it over the time interval dt as well as 

the randomness about this change. (PILIPOVIC, 1998, p. 62) 

 

Probably the best-known application of the geometric Brownian motion can be found with the 

celebrated Black-Scholes pricing model for share options. Black and Scholes built their model 

on the assumptions inherent in the geometric Brownian motion of (1) a normal distribution of 

returns and (2) a positive drift parameter �. Hence, the geometric Brownian motion as well as 

the Black-Scholes model, which is based on the former, imply the underlying price S to grow 

on average over time. At this point it is highly important to note that, if it is not believed that 

both of the before stated properties are true for a given asset price, the use of both the 

geometric Brownian motion and the Black-Scholes model in its original form should be 

carefully questioned. Both assumptions may not contradict with a huge variety of assets in the 

world of finance but in the case of commodity prices, which are important for this thesis, they 

clearly do so. (GEMAN, 2005, pp. 62-63) 

 

Thus, the choice of the right price process in order to model the future evolution of an 

underlying asset price seems to be of a very high importance. But why is this the case? 

According to PILIPOVIC (1998, p. 36) the application of a geometric Brownian motion as 

model for the underlying price process while in reality another model was more appropriate, 

for example a mean-reverting model, will impact any further valuation and hedging based on 

this assumption. This is especially due to differences in the tails depending on the used model 

and will be particularly obvious when pricing out-of-the-money options, where the tails of the 

underlying distributions play a decisive role. 

 

2.3.2 Mean-Reversion Models 

2.3.2.1 Mean-Reversion Without Restrictions 

The next important step in the evolution of financial modelling was Vasicek’s 1977 so-called 

Ornstein-Uhlenbeck process that originally was introduced in order to describe interest rate 

movements. With this model it is possible to prevent the large windings of the arithmetic 

Brownian motion (cf. to Chapter 2.3.1.1), which may evolve up to infinity and, thus, are not 

suitable for describing the narrow bounded evolution of interest rates, as well as the 
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continuous growth of the underlying over time inherent in the geometric Brownian motion 

(cf. to Chapter 2.3.1.2). The original Ornstein-Uhlenbeck process looks the following way: 

 

dSt =�(b � St ) dt +� dWt  

 

In the above equation �, b, and � describe positive constants with � representing the rate (or 

force) of price mean-reversion, b the long-term equilibrium of S, and � the volatility. As the 

expected value of dWt is zero, the expected change dSt is primarily determined by the first 

component of the right-hand side of the equation. Due to the construction of this first 

component the expected change dSt is positive, if St is smaller than b (as the difference of b 

and St is still positive then), and negative otherwise. Hence, this creates the so-called property 

of mean-reversion towards the level b. (GEMAN, 2005, p. 64) 

 

The mean-reverting character of the Ornstein-Uhlenbeck process thus coincides with one of 

the main necessities of price process models suitable for commodities. As already stated in 

Chapter 2.2, commodity prices do usually not exhibit a trend over time but mean-revert to a 

specific level, which may be interpreted as the marginal cost of production (EYDELAND & 

WOLYNIEC, 2003, p. 110). Although this is a welcome feature of the classic Ornstein-

Uhlenbeck process, it unfortunately exhibits another shortcoming as can be easily seen from 

the following modified equation: 

 

St +dt = St +�(b � St ) dt +� dWt  

 

The equation above clarifies that St+dt can be characterized as an affine function of dWt at time 

t and, thus, is normally distributed with the same properties as dWt (dWt � N(0, dt )). Hence, 

St+dt may still take negative values. Due to this disadvantage some modifications of the classic 

Ornstein-Uhlenbeck process are necessary in order to become able to model commodity 

prices and the like. 

 

2.3.2.2 Mean-Reversion With Positivity Restriction (Mean-Reversion in Log of Price) 

Based on the classic Ornstein-Uhlenbeck process described above a model suitable for 

describing the prices of energy as well as agricultural commodities was developed. It 
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combines the non-negativity of the geometric Brownian motion with the welcome quality of 

mean-reversion of the Ornstein-Uhlenbeck process: 

 

dSt

St

=�(b � lnSt ) dt +� dWt  

 

Here, b describes the long-term equilibrium value of lnSt , which the mean-reversion 

converges to, whereas � is the force of the mean-reversion. By modelling the log of the price 

instead of the price itself (as it was the case in the classic Ornstein-Uhlenbeck model analysed 

before) the non-negative nature of prices is represented appropriately. (GEMAN, 2005, p. 65; 

PILIPOVIC, 1998, p. 64) 

 

2.3.2.3 Mean-Reversion With Non-Constant Equilibrium Price (Mean-Reversion in Price) 

The so-called Pilipovic model represents another popular model for the description of energy 

prices in particular. In the framework of this model not only the spot price itself is modelled, 

also the long-term equilibrium price is not set to a constant value but rather evolves according 

to a pre-specified scheme. Thus, the Pilipovic model can be characterized as a two-factor 

model. 

 

The spot price of the underlying in question is assumed to behave according to the following 

mean-reverting process with Lt representing the long-term equilibrium price level of S (mean-

reversion towards Lt): 

 

dSt =�(Lt � St ) dt +� St  dWt  

 

However, the equilibrium price level Lt, which the spot price converges to, is again assumed 

to evolve according to the following scheme with � being the drift of the long-term 

equilibrium price, �  the volatility in the long-term equilibrium price, and dXt a random 

stochastic variable that defines the randomness in the equilibrium price: 

 

dLt = � Lt  dt + � Lt  dXt  
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Due to the construction of the above equation, the equilibrium price level is assumed to be 

lognormally distributed. An additional feature of this model is the possibility of calibrating 

the equilibrium price evolution in consideration of the forward or futures prices of the 

respective underlying that offer some information about the market participants’ future 

expectations. Further, please note that dWt and dXt represent two random stochastic variables, 

which are independent of each other. (PILIPOVIC, 1998, pp. 64-65) 

 

2.3.3 Stochastic Volatility Models 

2.3.3.1 Constant Elasticity of Variance Model 

The constant elasticity of variance model (CEV) was originally introduced in order to capture 

the effects of financial leverage on the return variance of a share. More precisely, an 

increasing share price level reduces the debt-equity ratio of the respective company and, as 

the share’s riskiness declines, also the variance of the share returns (BECKERS, 1980, p. 662; 

SCHRODER, 1989, p. 211). Hence, this price process model is based on the geometric 

Brownian motion while featuring a non-constant return volatility (EYDELAND & WOLYNIEC, 

2003, p. 165): 

 

dSt

St

= � dt + �(St ) dWt  

 

As can be seen in the above equation the return volatility �(St )  does not remain constant, but 

is modelled as dependent on the current price level St. Using this modification one becomes 

able to represent a volatility that is correlated to the current price level in a specific way, for 

example (BECKERS, 1980, p. 661; EYDELAND & WOLYNIEC, 2003, p. 165; SCHRODER, 1989, 

p. 212): 

 

dSt

St

= � dt +� St
�  dWt  

 

In the above equation the direction of the correlation can be determined by choosing the 

parameter � in a specific way. For � = 0 the model resembles the classic geometric Brownian 

motion. In the case that � is chosen larger than zero, the volatility is positively correlated to 

the current price level, thus, resulting in a corresponding probability distribution that exhibits 
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a higher probability density on the right than on the left side of the distribution (i.e. negatively 

skewed or left-skewed). If the opposite is true (� < 0), the correlation between volatility and 

current price level is negative, hence, resulting in a corresponding probability distribution that 

is positively skewed or right-skewed (i.e. resembling the characteristics of common share 

price distributions). (HULL, 2006, p. 675) 

 

Although a model of this type is able to cope with the so-called inverse leverage effect of 

many energy prices (e.g. the volatility of electricity prices usually increases with the current 

price level), it clearly induces asymmetrical skews in the implied volatility surface and is, 

hence, not equally able to capture pronounced symmetrical volatility smiles. However, as will 

be obvious from the analysis conducted in later stages of this thesis, the latter are common for 

natural gas prices. Thus, the model is not capable of representing their behaviour in an 

adequate way. 

 

2.3.3.2 Local Volatility Models 

In order to overcome the hurdle of price process models that are solely able to describe price 

behaviours featuring skewed implied volatilities, which are, thus, not applicable to most 

energy markets, the so-called local volatility models were developed. In the framework of this 

type of model the volatility is assumed to be deterministically dependent not only on the price 

level S but also on the time t (RUBINSTEIN, 1994, p. 796). Hence, in theory the local volatility 

function �(S,t)  at each point is exactly specified and, therefore, one becomes able to recover 

the whole implied volatility surface given by the quoted option prices as correctly as 

possible.
3
 The corresponding equation looks as follows (EYDELAND & WOLYNIEC, 2003, p. 

166): 

 

dSt

St

= �(t) dt + �(S,t) dWt  

 

The above equation may look rather simple, its explicit implementation in practical terms, 

however, is highly complicated. Although various formulas, which precisely relate the 

implied volatility surface to the local volatility function needed for solving the above 

equation, may exist, their general shortcoming, however, is the need for the continuity of 

                                                
3
 For further information on implied volatility surfaces and their deduction please refer to Chapter 4.2.5. 
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option quotes across all maturities and strike prices. Unfortunately, the latter requirement is 

never fulfilled in practice what usually renders the introduction of several assumptions 

necessary and in turn enormously impedes a robust fit of the model. 

 

Moreover, in case this first problem has been solved successfully, soon another one is 

appearing. The use of local volatility functions may be able to capture the characteristics of 

natural gas prices at a specific point in time very well, however, they perform badly in 

describing the dynamics of the implied volatility surface. Thus, a calibration established on 

one day may be highly misleading a few days later. Here, another shortcoming of this model 

can be highlighted. (EYDELAND & WOLYNIEC, 2003, pp. 166-167) 

 

2.3.4 Jump-Diffusion Models 

Another type of model that is – like the other ones discussed so far – primarily based on the 

geometric Brownian motion is the so-called jump-diffusion model. In contrast to the former 

ones this model supports jumps in the trajectories of prices, thus, being able to describe price 

evolutions as they are likely to happen in share market crash situations or, on the contrary, 

sharp and immediate upward jumps generated by the arrival of positive news regarding a 

company or a whole sector. The interest in the class of jump-diffusion models enormously 

increased after the share market crash of the year 1987, an event that revealed the inability of 

pure diffusion models (e.g. the classic geometric Brownian motion) to capture huge market 

movements exactly. 

 

In the framework of commodities this model may provide valuable insights with regard to 

situations like, for instance, the arrival of news of an important oil or gas producing country 

or company that updates the information concerning its reserves. Further, in the specific 

commodity class of energy products the prices often exhibit a highly spiky nature that renders 

the incorporation of jumps into price evolution models necessary (e.g. record natural gas 

prices in Chicago in the winter 1995 or in California in the winter 2000). (EYDELAND & 

WOLYNIEC, 2003, p. 181) 

 

The basic equation of Merton’s 1976 jump-diffusion model is structured according to the 

following example (GEMAN, 2005, p. 68): 
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dSt

St

= � dt + � dWt + Ut  dNt  

 

Here, the jump-diffusion process is clearly identifiable as a combination of a standard 

diffusion process (i.e. the first two components of the right-hand side describe a geometric 

Brownian motion; see Chapter 2.3.1.2 for details), which accounts for “ordinary days”, and an 

additional jump process. The latter can be found in the third component of the right-hand side 

of the equation that is composed of the differential dNt of a Poisson process with intensity �,
4
 

which determines the arrival of jumps, and a real valued random variable Ut that is, for 

example, normally distributed and, hence, accounts for the jump size as well as its direction. 

(GEMAN, 2005, pp. 68-69; MERTON, 1976, pp. 128-129) 

 

In conclusion it is necessary to state that jump-diffusion models are, firstly, well suited to 

describe underlying price processes that exhibit a very spiky behaviour like, for example, that 

of energy prices. Further, an additional advantage of jump-diffusion models can be seen in 

their ability to capture the commonly occurring fat tails of those price distributions as well. 

However, several disadvantages do also exist, the major one being the complicated calibration 

of the necessary parameters (some extended models exhibit six or more parameters that need 

to be estimated) and their frequently instable behaviour over time. (EYDELAND & WOLYNIEC, 

2003, p. 189) 

 

2.3.5 Regime-Switching Models 

The development of the class of so-called regime-switching models was based on the idea of 

being able to vary a couple of price process characteristics completely while describing a 

specific price process. In order to achieve this aim regime-switching models feature the 

specification of a number of regimes or states, respectively, among which the price process 

moves. Depending on which state the system is currently in, other characteristics of the price 

process are active. Thus, it becomes possible to set, for example, various mean-reversion 

rates, to turn the mean-reverting behaviour of prices on or off entirely, or to modulate any 

other characteristic of the price process as desired. Recent findings, for instance, deal with the 

                                                
4
  The Poisson process Nt exhibits either the value zero with a probability of 1-� (meaning no jump occurs) or 

one with a probability of � (meaning a jump occurs) in any small interval of the length dt. Further, the 

probability that a jump arrives is directly proportional to the length of the interval (Pr(dNt = 1) = � dt). The 

arrival of more than one jump in any small interval dt is unlikely. (MERTON, 1976, p. 128) 
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dependence of the natural gas spot price dynamics on the current amount of gas in storage in 

the respective market (THOMPSON ET AL., n.d., p. 9). Such relationships could be described 

with the help of regime-switching models by defining two or more regimes for the respective 

current storage amounts (e.g. high, medium, and low storage regimes). 

 

In the framework of regime-switching models it is, on the one hand, necessary to specify the 

characteristics of the price process separately for each state and, on the other hand, to 

introduce some additional probability distribution of switches between the regimes that 

determines when the state of the system is changed and what the probabilities for each 

respective switch are. 

 

In the following the example of a basic regime-switching model will help to illustrate the 

above explanations (EYDELAND & WOLYNIEC, 2003, p. 190): 

 

dSt

St

=
�L  dt + � L  dWL

�0 + �H  dt + � H  dW H

� 
� 
� 

     
� PLL =1� �LH  dt

� PHH =1� �HL  dt
 

 

The following probability transition matrix accompanies the above process equations: 

 

P =
PLL PLH

PHL PHH

� 

� 
� 

� 

� 
	 =

1� �LH  dt �LH  dt

�HL  dt 1� �HL  dt

� 

� 
� 

� 

� 
	  

 

As can be easily seen the above price process model features two different states, a low price 

regime L and a high price regime H. The return processes of both states follow classic 

geometric Brownian motions, whereas the return volatilities (�L and �H), drifts (�L and �H), 

and starting points (none and �0) are set differently. The probability measures to the right of 

the respective price process display the probability of remaining in the current regime (e.g. 

PLL describes the probability of remaining in the low price regime when this is also the 

current state and vice versa). Further, the accompanying probability transition matrix contains 

the probabilities for all possible regime transitions of the respective regime-switching model 

(i.e. in this example remaining in regime L (PLL), remaining in regime H (PHH), switching 

from L to H (PLH), and switching from H to L (PHL)). Note that the probability for each 

transition to happen is directly proportional to the length of the time interval that is 

investigated (as each probability features the multiplication by dt). 
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Choosing a low transition rate � for the direction from a low price regime L to a high price 

regime H and a high rate for the opposite direction results in infrequent price spikes to higher 

price levels that are shortly followed by a reversion to the normal level. Thus, one becomes 

able to recover the typical behaviour of energy prices very well. Due to the construction of a 

regime-switching model, further, a clear separation of the spike regime from the normal 

diffusive regime is achieved. Hence, it is possible to distinguish the relatively strong reversion 

force from the spike back to the normal state from the normal state’s weaker standard mean-

reversion process. This is heavily contrasting as well as advantageous compared to the 

description of spiky price behaviours by applying jump-diffusion processes, which make the 

introduction of a strong, steadily active mean-reversion necessary, in order to bring the prices 

back to their normal levels soon after a spike has occurred (i.e. the strong mean-reversion is 

active even in the normal state). (EYDELAND & WOLYNIEC, 2003, p. 191) 

 

However, regime-switching models do also have several disadvantages. While these models 

are highly flexible and allow the handling of a wide variety of price behaviours by simply 

extending the number of possible regimes, this ability comes in line with the necessity of 

defining a huge amount of process parameters (i.e. the higher the ambiguity of the underlying 

price behaviour, the more regimes introduced and the more parameters needed). A high 

number of process parameters, however, renders the existence of a large and stable data set 

for their estimation highly important. As data sets in the energy markets are commonly rather 

short and the way the price-formation process works usually exhibits minor changes from 

season to season, the available historical data sets are frequently of a very limited character, 

what in turn is likely to result in a significant misspecification of the whole model. This need 

for an extensive data set can be characterized as the major drawback of regime-switching 

models, which nullifies almost all theoretical advantages compared to, for example, jump-

diffusion models, as various studies have shown. (EYDELAND & WOLYNIEC, 2003, p. 192) 

 

2.3.6 Higher-Dimensional Models 

Finally and as the last price process model described in the context of this chapter a short 

analysis of the so-called GARCH(1,1) model (generalized autoregressive conditional 

heteroskedasticity model) is conducted, which can be characterized as the simplest one out of 

the family of higher-dimensional models. 
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Similar to all other models analysed before, GARCH models try to describe the evolution of a 

specific market variable (e.g. price) in the best possible way, whereas the distinctive feature 

of GARCH models is that they try to achieve this by estimating the future volatility of the 

underlying market variable. Further, models of the GARCH type particularly aim on the 

recovery of the dynamics of the implied volatility surface by including past volatility 

realizations as well as estimates in the calculations and applying exponential smoothing 

techniques in order to achieve the best possible fit. 

 

GARCH(1,1) by far represents the most famous model out of the range of GARCH models. 

The term (1,1) refers to its inclusion of the last realized and the last estimated value of the 

respective variance only. Its equation can be depicted in several variations, in the following 

the most common form is presented (BOLLERSLEV, 1986, p. 311; ENGLE, 2001, p. 160; 

NELSON, 1991, p. 348): 

 

� t +1
2

= � VL +� ut
2

+ � � t
2  with � +� + � =1 and �,�,� � 0 

 

As can be seen in the above equation, the estimated variance � 2 of the respective market 

variable for time t+1 is constructed as the weighted sum of the long-term average variance VL, 

the actual realization of the variance u2  at time t, and the previous estimated variance � 2 for 

time t, whereas �, �, and � describe the weights of the respective summands. 

 

Further, the expected return r at time t+1 can be estimated based on the above calculation as 

the estimated volatility � for time t+1 times an independent and identically distributed 

random variable zt +1 with E(zt +1) = 0 and Var(zt +1) =1 (BOLLERSLEV, 1986, p. 323; NELSON, 

1991, p. 348): 

 

rt +1 = � t +1
2  zt +1 = � t +1 zt +1 with zt +1 � i.i.d. N(0,1) 

 

Please note that the equation for the expected return may look more complex in practice as it 

is possible to include further adaptations like autoregressive terms, exogenous variables (e.g. 

seasonal mean adjustments), and so on. Moreover, more extensive constructions of the 

variance evolution equation are frequently applied like, for example, the introduction of 

additional autoregressive lags (extending GARCH(1,1) to GARCH(p,q)) or the specification 
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of the model on the log of the variance instead of the variance itself (EGARCH). (EYDELAND 

& WOLYNIEC, 2003, p. 172) 

 

Regarding the applicability of GARCH models in order to describe natural gas price 

processes their prospects of success are somewhat mixed. Several studies show that during the 

commonly rather stable summer months GARCH models work quite well for describing the 

evolution process. In winter months, however, the situation changes as jump behaviour in the 

price evolution becomes more likely and most GARCH specifications are not capable of 

describing such situations in an adequate way. (EYDELAND & WOLYNIEC, 2003, p. 173) 

 

2.3.7 Consideration of Seasonality 

A huge share of commodities exhibits single or multiple seasonality effects in its prices. This 

may be due to, for instance, either harvest cycles in the case of agriculturals or changing 

demand situations in different seasons of the year (e.g. natural gas, electricity), at various 

times of the day (e.g. electricity), or dependent on weather conditions, to name only a few.  

 

For almost all the models described in the context of this chapter the consideration of 

seasonality is possible by simply splitting the overall spot price evolution into two 

components: an underlying spot price St
Und , which evolves according to the chosen model, 

and an additional deterministic function Ft for the seasonality effects. 

 

St = St
Und

+ Ft

Ft = �A cos(2� (t � tA )) + �SA cos(4� (t � tSA ))
 

 

In the above equations St represents the spot price at time t, St
Und  the underlying spot price 

value, �A the annual seasonality parameter, tA the annual seasonality centring parameter (time 

of annual peak), �SA the semi-annual seasonality parameter, and, finally, tSA the semi-annual 

seasonality centring parameter (time of semi-annual peak). All seasonality parameters are 

estimated based on a suitable historical data set of spot prices. 

 

From the above it is obvious that it is possible to define the seasonality effects independent 

and in a similar manner for a huge variety of underlying price process models. However, this 

does not mean that the seasonality parameter estimates �A, �SA, tA, and tSA are constant for 
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various underlying price process models – rather they usually slightly change depending on 

the applied model. Further, the deterministic function Ft may also be constructed in another 

way than that depicted above (e.g. as a sine function) or with another periodicity included 

(e.g. quarterly seasonality). Thus, it can be designed in a way that fits best the seasonal 

behaviour of the underlying spot price. (GEMAN, 2005, p. 67; PILIPOVIC, 1998, p. 67) 

 

2.4 Conclusion: Which Model for Which Commodity? 

In the preceding sections various common price process models were presented. The question 

now is, which one is suited best in order to model the price evolution of a certain commodity 

– in the case at hand: natural gas. 

 

To answer this question it is firstly necessary to respond to another one: What are the criteria 

that a good model needs to fulfil? EYDELAND and WOLYNIEC (2003, p. 121) provide a list of 

criteria, which in their opinion need to be satisfied: 

• The model needs to provide a good fit to the historical data and its generated price 

evolutions (out-of-sample) need to meet the historical distribution. 

• If liquidly traded contracts do exist, the model needs to provide an exact match to 

their current prices. 

• Non-price conditional information needs to be incorporated in an efficient as well 

as consistent way. 

• All model parameters are to be estimated thoroughly and efficiently in order to 

generate stable parameters that do not exhibit any considerable variations even 

under changing market conditions (i.e. parameters should hold over various 

seasons). 

• The resulting prices and hedges should not be highly sensitive to the choice of the 

remaining free parameters. 

• The number of free parameters (i.e. parameters that cannot be estimated with a 

relatively high certainty) needs to be held as small as possible. 

• The evaluation of prices and hedges based on the model needs to be realizable in a 

time-efficient way (i.e. no computations that take hours or even days). 

 

For the situation at hand the most important factors and, hence, the major determinants for the 

choice of an appropriate price process model out of the relatively wide range presented in the 



Derivatives in the Gas Industry  2 Review of Price Process Models 

- 28 - 

framework of this chapter seem to be (1) the ability of the model to recover the moments of 

the historical price distribution,
5
 (2) the possibility to calculate all necessary model 

parameters with a sufficient accuracy and stability over time (i.e. a sufficiently large historical 

data set is needed and not too much parameters should be included), and (3) the 

computational efficiency of the applied model. Hence, it is necessary to find the right balance 

between meticulousness and practicability in choosing a model for describing the natural gas 

price process. It does not contribute a lot to the solution of complex valuation problems, 

whose basic input often are simulated price paths, to apply a model that is able to recover the 

characteristics of the historical data sample in the greatest detail, if it takes a huge effort and a 

lot of time to calibrate its parameters that may be still unstable over time in the end. In such 

cases choosing a simpler model that does not recover any specific detail of the historical 

sample, but which is highly efficient with regard to its applicability, is much more 

appropriate. 

 

In consideration of the factors above and the advantages and limitations of the respective 

models that were discussed in each single section, the mean-reversion model featuring a non-

constant equilibrium price (Pilipovic model; see Chapter 2.3.2.3) with an additional inclusion 

of seasonality effects (see Chapter 2.3.7) is chosen to be the most appropriate price process 

model for the description of natural gas spot price evolutions in the framework of this thesis. 

This decision goes in line with the findings of PILIPOVIC (1998, pp. 67-78) who found the 

model to be most appropriate with regard to natural gas spot prices after an extensive time 

series and distribution analysis. 

 

 

                                                
5
 For further details on the characteristics of natural gas prices, their formation, distribution, and evolution 

please refer to Chapter 4.2. 
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3 Review of Derivative Instruments in the Energy Sector 

The following chapter provides an overview of standard as well as some more exotic 

derivative instruments that are actually applied in the energy sector. Most of the instruments 

at hand are rooted in the financial markets and were adapted to the energy sector in later 

stages. In addition, a whole class of derivative products specifically focused on energies has 

emerged in order to fill the gaps left by the migrated derivative products and to satisfy the 

sometimes very specific needs of the sector. 

 

The overview at hand is presented in order to provide the reader with a consistent knowledge 

base on the variety as well as the functionalities of derivative instruments in the energy sector. 

This is particularly essential for being able to draw parallels from natural gas storage 

facilities, which represent the main focus of this thesis’ later chapters, to the more “basic” 

derivative instruments and their characteristics. The aim of this approach is to facilitate a 

comprehensive understanding of a storage facility’s idiosyncrasies and, thereupon, the 

development of a suitable valuation approach. 

 

Note that a huge variety of derivative products is in existence on today’s energy markets and, 

hence, it is neither the aim of this chapter to offer an exhaustive compendium of those nor 

would this be of great help for the further course of this thesis. 

 

3.1 Classification of Derivative Instruments 

As a first introduction to this chapter Table 3.1 offers a visual overview of several energy 

derivatives that are frequently used in the energy markets and their related classifications. 

 

Physical Derivatives Financial Derivatives 

Standard Exotic Assets Standard Exotic 

 Price-based Volumetric    

• Futures 
• Forwards 
• Swaps 
• European 

options 

• American 
options 

• Asian options 
• Swaptions 
• Spread 

options 
• Tolling 

• Swing 
options 

• Load 
following 

• Storage 
• Power plants 
• Transmission 

• Futures 
• Forwards 
• Swaps 
• European 

options 

• American 
options 

• Asian options 
• Swaptions 
• Spread 

options 

Table 3.1: Classification of Energy Derivatives (own depiction; following EYDELAND & 

WOLYNIEC, 2003, p. 19) 
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Obviously, the basic differentiation of energy derivatives takes place between derivatives with 

a physical and those with a financial settlement. Further, both classes are subdivided into 

standard and exotic instruments, whereas the class of physical derivatives features a third 

subclass, which is called assets. The instruments of the latter are unique to the energy sector 

and, thus, exhibit very special characteristics and restrictions that in turn necessitate specific 

valuation methods. 

 

3.1.1 Futures 

In general, the term futures refers to a highly standardized and exchange traded agreement 

between two parties (buyer and seller) for the sale of a certain quantity of an underlying 

commodity or financial product for a pre-specified price at a certain future point in time (or 

over a certain future period) (FUSARO, 1998, p. 12). The final settlement of a futures contract 

may either be performed only financially or by physical delivery. Futures contracts are traded 

on and guaranteed in terms of financial performance and commodity delivery by exchange 

markets, what in turn constitutes one of their main advantages as this attribute eliminates 

almost every counterparty credit risk. Moreover, due to their standardization and liquidity 

(assuming that they are widely traded) they facilitate the reduction of transaction costs. 

Another often cited benefit might be seen in their daily settlement that obviates discounting 

when calculating the futures’ mark-to-market
6
 value, thus, simplifying the overall handling 

and evaluation a lot. (EYDELAND & WOLYNIEC, 2003, pp. 18-19; POITRAS, 2002, pp. 16-19) 

 

It is important to note that even the special class of commodity futures does not necessarily 

include a physical settlement of the contract. This stems from the basic idea of the futures’ 

concept, in which the instrument is rather seen as a price risk management tool and not as a 

mere source of physical supply. In case of commodity futures with physical settlement the 

contract specifications need to be even more elaborate compared to the financially settled 

type. As a result, usually all of the following characteristics need to be specified: quality, 

quantity, price, delivery location, delivery time or period, delivery rate, last trading day or 

settlement date. (FUSARO, 1998, pp. 12-13) 

 

                                                
6
 The term mark-to-market or marking-to-market refers to the daily settlement of futures contracts. This means 

that at the end of each trading day all gains or losses of a respective futures contract are settled through a so-

called margin account. Hence, futures contracts exhibit cash flow implications during the life of the contract 

what is in strong contrast to the nature of forward contracts, which are settled only once at the maturity of the 

contract. (FUSARO, 1998, p. 13; POITRAS, 2002, p. 18) 
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The most common types of commodity futures are electricity and natural gas futures. The 

former started trading in the USA in 1996 at the New York Mercantile Exchange (NYMEX) 

and in Europe already in 1993 at Nord Pool, the Nordic Power Exchange. In the second half 

of the nineties other exchanges in the USA and in Europe introduced a huge variety of own 

electricity futures as well. However, their evolution soon came to an end at the beginning of 

the 21
st
 century as market participants lost their interest in them and instead turned to over-

the-counter forward contracts for several reasons (e.g. their flexibility as they do not need to 

be standardized) (EYDELAND & WOLYNIEC, 2003, p. 19). Today, the European Energy 

Exchange in Leipzig (EEX), the New York Mercantile Exchange (NYMEX), and the 

Intercontinental Exchange (ICE) represent three major examples of exchanges that are still 

trading considerable amounts of electricity futures (EUROPEAN ENERGY EXCHANGE [EEX], 

2007; INTERCONTINENTAL EXCHANGE [ICE], 2007; NEW YORK MERCANTILE EXCHANGE 

[NYMEX], 2006). 

 

In contrast to electricity, natural gas futures were able to maintain their successful evolution. 

Today, NYMEX is the prime location for trading natural gas futures followed by other 

exchanges like the European Energy Exchange (EEX), for instance (EEX, 2007; NYMEX, 

2006). For illustrative purposes Table 3.2 provides an overview of the most important 

specifications of a typical NYMEX Henry Hub natural gas futures besides its price. Note that 

these specifications are fixed as the NYMEX natural gas futures is a classic example of a 

standardized product, which means that it is neither negotiable nor adaptable to specific 

needs. 

 

NYMEX Henry Hub Natural Gas Futures 

Trading unit 10,000 MMBtu 

Price quotation $/MMBtu 

Delivery location Sabine Pipeline Company’s Henry Hub in Louisiana 

Delivery period First to last day of the delivery month 

Delivery rate As uniform as possible 

Settlement type Physical 
Quality specifications Pipeline specifications in effect at time of delivery 
Last trading day Three business days prior to the first calendar day of the delivery month 

Table 3.2: Specifications of NYMEX Henry Hub Natural Gas Futures (own depiction; data 

retrieved from NYMEX, 2006) 

 

3.1.2 Forwards 

At first glance the characteristics of forward contracts closely resemble those of the futures 

described above. Similar to the definition of futures, the term forward covers all agreements 

to purchase or sell a commodity or a financial product, respectively, at a future point in time 
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for a pre-determined price, which is specified when the contract is entered. In contrast to 

futures, the contracting parties, however, enjoy a higher level of freedom in determining the 

respective contract specifications involved, when using forward contracts. For example, the 

price of the underlying at delivery may either be fixed to an absolute value at the inception of 

the contract or, if there is no absolute price, a specific method for calculating the price at the 

respective future point in time is defined. This formula may be based on, for instance, a 

respectable index value for the respective commodity (e.g. FERC’s Gas Market Report in the 

case of natural gas) or on the prices of futures contracts with similar expiration dates (e.g. 

averaging the prices of closing futures contracts during the week preceding the forward’s 

expiration in order to determine the price of the underlying at delivery). (EYDELAND & 

WOLYNIEC, 2003, pp. 31-32) 

 

However, further important differences between futures and forwards can be found elsewhere. 

EYDELAND and WOLYNIEC (2003, p. 32) name three major distinctions between the two types, 

which also heavily influence the fields of application of the respective instruments: 

• Instead of on an exchange, forward contracts are traded over-the-counter (OTC). 

This in turn means that unlike futures, forwards do not need to be standardized 

(cf. FUSARO, 1998, p. 11).  

• While the range of necessary contract specifications for forwards is similarly 

extensive as for futures, forward contracts allow a relatively free choice of all 

characteristics due to their non-standardization. Thus, the structure of any forward 

contract (e.g. type of settlement, delivery location, delivery date) may be designed 

the way that is most convenient and suitable to the needs of the contracting parties 

(cf. POITRAS, 2002, p. 11).  

• Forward contracts do not feature daily settlement what introduces advantages as 

well as disadvantages. On the one hand, the contract holder does not have to 

manage daily access to cash in order to satisfy margin calls (as it is common for 

futures contracts), but, on the other hand, the counterparty credit risk becomes 

significant in case the contract is in-the-money at delivery (cf. FUSARO, 1998, p. 

11). 
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3.1.3 Swaps 

According to HULL (2006, p. 192) the most common form of swap contracts is represented by 

the so-called fixed-price or fixed-for-floating swaps, which describe contracts in which the 

buying party (fixed price payer) pays a fixed payment to the selling party (fixed price 

receiver) for a pre-specified duration of the contract (e.g. several months or years). This fixed 

payment may either stay constant in each period or vary according to a schedule specified in 

advance. In exchange the buying party receives a floating payment from the selling party that 

is linked to a certain pre-determined floating index (e.g. a commodity spot price or price 

index). This definition is similarly applicable for swap contracts in the framework of energy 

markets as well as for those in the financial markets. Basically, a forward contract can be 

characterized as a one-period swap or – the other way around – a multi-period swap contract 

as a strip of forward contracts with different maturities, respectively (HULL, 2006, p. 220). 

 

Swap contracts represent one of the most frequent and popular instruments in virtually all 

markets. This is particularly true as swaps are highly flexible financial products that are 

traded over-the-counter and, hence, are easily adaptable to the very specific needs of the 

contracting parties. Unlike several other derivative instruments, dealing with swaps is rather 

simple for the contractors as they usually feature financial settlement (no complicated 

physical delivery involved), are handled off-balance sheet, and have a non-regulated nature. 

Lastly, but probably most important, swap contracts have a unique potential for hedging 

applications (in terms of e.g. removing price exposures) as they offer an easy way to 

transform almost every kind of floating payment (highly volatile due to the fluctuations of the 

respective underlying index) into a fixed one (no volatility).
7
 (EYDELAND & WOLYNIEC, 2003, 

pp. 35-36) 

 

3.1.4 Options 

After the derivative products described above, standard options – the term covering calls as 

well as puts – represent the next highly important instrument for risk management purposes. 

Similar to the case of swap contracts, standard options of the energy sector closely resemble 

their relatives in all other markets. Thus, in the framework of the energy markets a call option 

refers to the right, but not the obligation, to buy energy (the underlying) at a pre-determined 

                                                
7
 Details of the described procedure are not relevant in the framework of this thesis. For a more elaborate 

representation please refer to EYDELAND and WOLYNIEC, 2003, p. 36, or HULL, 2006, pp. 191-226. 
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strike price. Conversely, the owner of a put option has the right, but not the obligation, to sell 

energy at a pre-determined strike price. (FUSARO, 1998, p. 24; HULL, 2006, p. 228) 

 

A further distinction between different option types can be established with regard to their 

exercise times. European-style options feature only one exercise possibility at the exercise 

day specified in advance. In contrast, American-style options can be exercised at any time 

during the life of the option (i.e. until its expiration date). (HULL, 2006, p. 228) 

 

Moreover, in the energy markets options are further distinguishable by their type of 

settlement. In addition to financially settled options, which necessitate the existence of a 

widely accepted index against which they can be exercised (e.g. gas options are commonly 

financially settled by considering the Inside FERC’s Gas Market Report index), also the form 

of physical settlement is common (the physical delivery of the underlying). The latter is 

particularly relevant for electricity options as the development of widely accepted financial 

indexes has not been completed until today in the electricity markets. (EYDELAND & 

WOLYNIEC, 2003, pp. 40-41) 

 

As can be seen from the above explanations, there is not much difference in the definitions of 

standard energy options and those of other markets. The main distinction can be characterized 

as the huge diversity of energy options that stems from the diversity of the underlying 

commodities in the energy sector, which exceeds that of the financial or other markets by far. 

This is particularly true for options on electricity. Having a look on what the typical 

specifications of an energy option include clarifies this argument very easily, as every 

additional specification (compared to a financial option) leaves room for further diversity. 

EYDELAND and WOLYNIEC (2003, p. 39) list the following specifications as typical for energy 

options: location, exercise time, delivery conditions (e.g. in the case of electricity: on-peak, 

off-peak, round-the-clock), strike price, and volume. Thus, there may be a couple of 

(physical) delivery locations, delivery durations (e.g. delivery during a whole month, quarter, 

year, etc.), and the like, which are combinable in several ways, thus, resulting in a rich variety 

of different energy options. 

 

On the basis of the standard options several subtypes have emerged in order to satisfy the 

specific needs of the energy markets (e.g. management of price risks on a daily or even hourly 

basis), these are, for example (EYDELAND & WOLYNIEC, 2003, p. 42): 
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• Fixed-strike options (daily options) are written on the spot commodity and can be 

exercised daily during the exercise period. Thus, the owner is allowed to make a 

daily decision about buying (call option) or selling (put option) the spot 

commodity (e.g. natural gas or electricity) at a pre-determined strike price. 

• Floating-strike options (index or cash options) feature almost the same 

characteristics as the fixed-strike options described above, however, their strike 

price is not fixed but linked to a specified floating index whose value is set in a 

pre-specified rhythm, for instance, at the beginning of each month (e.g. Inside 

FERC’s Gas Market Report index as floating strike for natural gas floating-strike 

options). 

• Hourly options are currently applied in the electricity markets only. They can be 

described as financially settled options that feature an hourly exercise against the 

real-time hourly electricity prices (of a specific location) and, hence, represent a 

suitable instrument for managing power price risks exactly. 

 

At this point it is finally highly important to note that the specific energy options described 

above (i.e. fixed-strike, floating-strike, and hourly options) exhibit very different 

characteristics compared to similar instruments in the financial markets. They cannot be 

understood as derivative products in the narrower sense of the word, as the underlyings they 

are based on are often not traded directly. Rather, these specific options themselves frequently 

represent the basic tradables of the energy markets besides futures and forwards. This 

confusing statement can easily be clarified with the help of the electricity markets. Electricity 

may be characterized as a commodity that does not exist in the strict physical sense. Because 

one cannot store it, electricity purchased on one day can also not be sold on another like it is 

possible for most other commodities (e.g. corn, copper, etc.). This in turn makes the valuation 

of these specific options extremely complicated: One cannot rely on the replication argument 

usually applied, as the replicating portfolio simply does not exist.
8
 (EYDELAND & WOLYNIEC, 

2003, p. 45) 

 

                                                
8
 The replication argument assumes that all financial instruments are distinguishable by their conditional payoff 

profiles. Further, instruments or portfolios of instrument with identical payoff profiles have the same value in 

an arbitrage free market. Hence, it is tried to duplicate the payoff profile of the option in question with a 

combination of some financial assets (e.g. replication of a call option payoff profile with a combination of 

index and safe investments). In case that this is possible, the costs of establishing the replication portfolio 

equal the arbitrage free value of the option (i.e. the fair price in an arbitrage free market). (SPREMANN, 2005, 

p. 344) 
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3.1.5 Spreads 

The following section is dedicated to one of the most influential structures of the energy 

markets: the product and concept of spreads. In general, the term spread denotes the 

simultaneous taking of long and short positions of futures or option contracts in the same or 

related markets (FUSARO, 1998, p. 15). This rather simple concept is of particular importance 

as it establishes the basic component of almost every specific application in the energy sector. 

Thus, spreads are the basic idea in the description of any power plant, refinery, storage 

facility, and so on (EYDELAND & WOLYNIEC, 2003, p. 48). 

 

More precisely, the term spread covers several forms of price differentials between two 

commodities or between two states of one commodity (HULL, 2006, p. 903). In the latter 

understanding the states are distinguished by either their quality level, point in time, location, 

or the like. Thus, almost every aspect of energy production and delivery can be explained 

with the help of spreads as the basic impetus of all business can be found in the exploitation 

of price differentials themselves or the change of price differentials, respectively (FUSARO, 

1998, p. 16). 

 

In order to provide some help for understanding the complex details of the further subdivision 

of spreads, Figure 3.1 first of all depicts a short visual overview of the different types of 

spreads and their respective place in the spread universe. 

 

 
Figure 3.1: Overview of Different Spread Types (own depiction) 
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A first basic distinction of several spread types is usually established between the following 

subclasses (EYDELAND & WOLYNIEC, 2003, p. 48): 

• Intracommodity spreads (quality spreads) describe the price differential between 

the prices of two different qualities of one commodity (e.g. different grades of 

crude oil). 

• Geographic spreads cover all price differentials that exist between the prices of 

one commodity at two different locations (e.g. price differential between the 

British hub in Bacton (UK) and the continental hub in Zeebrugge (Belgium), 

which are connected by the Interconnector pipeline (INTERCONNECTOR (UK) 

LIMITED, 2003)). 

• Time spreads (calendar spreads) refer to the price differentials between the spot 

and the futures prices or between two futures prices with different expirations of 

one commodity (e.g. natural gas futures prices of May 2008 and January 2009; 

please refer to Chapter 5.2.1 for an elaborate example). 

• Intercommodity spreads describe the price differentials between two different but 

somehow related commodities. Most often this means that the first commodity 

can be converted into the second one by a certain operational process in order to 

exploit the price differential between the two commodities (e.g. price of primary 

fuels (input) and price of electricity (output)). 

 

As intercommodity spreads represent the most important as well as most frequently 

encountered spread type out of those described above, they will be discussed in more detail in 

the following. Intercommodity spreads are further distinguished into the following subclasses 

(EYDELAND & WOLYNIEC, 2003, p. 48): 

• Spreads between operational inputs describe the price differential between two 

commodities that can be used as alternative inputs for a certain operational 

process (e.g. the spread between residual fuel oil and natural gas as alternative 

inputs for power plants). 

• Spreads between operational outputs refer to the price differential between two 

commodities that can be alternative outputs of the same operational process (e.g. 

the spread between gasoline and heating oil as alternative outputs of refineries). 

• Spreads between outputs and inputs (processing spreads) represent the most 

important form of intercommodity spreads. They are covering all price 

differentials between two commodities, of which one is an input and the other one 
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is an output of a certain operational process. The so-called crack spread and the 

spark spread constitute the most common types of processing spreads. 

 

The crack spread is used to financially replicate the physical reality of a refinery as it 

describes the differential between the prices of refining products (outputs; e.g. unleaded 

gasoline, heating oil, etc.) and the price of crude oil (input). Obviously, every refinery holds a 

short position in crude oil, as it needs to buy the input of its operational process and, hence, 

profits from a decrease in the price of crude oil and vice versa, as well as a long position in 

the refined product(s), because after the refinement the output(s) can be sold and a refinery’s 

profit is the greater, the higher the outputs’ prices are. By applying crack spreads a refinery 

can lock into specific production margins and, thus, is able to protect itself against price 

fluctuations on both the input as well as the output side. Crack spreads are primarily traded 

over-the-counter and on NYMEX. (EYDELAND & WOLYNIEC, 2003, pp. 48-49; NYMEX, 

2006) 

 

Similarly, the spark spread can be applied for the financial replication of the physical reality 

of a power plant as it refers to the differential between the price of electricity (output) and the 

prices of the necessary primary fuels (inputs; e.g. natural gas, coal, residual fuel oil, 

uranium).
9
 Hence, a power plant holds a short position in primary fuels (the input of its 

operational process; it profits from a decrease in the price of its input and vice versa) and a 

long position in electricity (the output of its operational process; it profits from an increase in 

the price of its output and vice versa). Likewise, power plant operators are able to lock into 

their production margins by applying spark spreads and, thus, hedging their exposure to the 

market prices. The spark spread between electricity and natural gas represents the most 

popular one, it as well as others are usually traded over-the-counter. (EYDELAND & 

WOLYNIEC, 2003, p. 49; FUSARO, 1998, p. 16) 

 

Besides the common type of spot spark spreads described above so-called forward spark 

spreads offer the possibility of dealing with spark spreads at future points in time, hence, 

                                                
9
 Note that for power plants the concept of the heat rate is of particular importance. The heat rate is a measure 

of the power plant’s efficiency as it states the number of Btus (British thermal units; energy content of the 

primary fuel) needed to generate 1 kWh of electricity. Thus, the heat rate sets a relation between the input and 

output side of the power plant and, hence, also offers the possibility to compare the costs of the input side 

with the revenues of the output side. Please note that in general the heat rate depends on the current 

generation level. (GEMAN, 2005, p. 299) 
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being able to lock into future production margins.
10

 Basically, forward spark spreads are 

combinations in forward contracts in electricity and primary fuels, while buying the forward 

spark spread (long position) is equivalent to buying electricity forward and selling primary 

fuel forward (e.g. natural gas) and vice versa. Thus, the payoff from this long position is the 

difference of the spot spark spread at maturity minus the delivery price fixed in the contract 

(EYDELAND & WOLYNIEC, 2003, pp. 53-54). Note that the short position’s payoff is calculated 

by simply changing the places of the minuend and subtrahend in the equation above. As easily 

can be seen in this example, the diversity of possible combinations and variations of single 

derivative instruments is of a huge extent in reality. 

 

3.1.6 Spread Options 

Within the framework of the energy markets the derivative product of so-called spread 

options holds a particular important position. Almost every energy asset or structured deal 

exhibits one or more elements describable as spread options. 

 

The term spread option refers to an instrument on the basis of the simple spread structure 

analysed in the previous section, namely the option on a spread. The option holder thus has 

the right but not the obligation to enter into either a spot or forward spread contract specified 

within the option agreement. Hence, the underlying of any spread option is a two-commodity 

portfolio and can be designed as a put or call option on the respective spread. (EYDELAND & 

WOLYNIEC, 2003, p. 55) 

 

In the following the application of spread options in practice is presented with the help of 

some structures out of the energy sector in which they play an essential role. 

 

3.1.6.1 Power Plants 

Probably the best-known existence of a spread option structure can be found in the operation 

of power plants. As easily can be seen every power plant can be described as an option on the 

spark spread, meaning that the operator holds a long position in electricity (output) and a short 

position in the primary fuels that are necessary to run the respective power plant (input), but – 

and here is the point where the difference between holding the spark spread itself and holding 

                                                
10

 For an elaborate example of how this procedure works in detail please refer to EYDELAND and WOLYNIEC, 

2003, pp. 54-55. 
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an option on the spark spread becomes clear – the operator does not necessarily need to enter 

into the spark spread, he only does so if he wants to: More precisely, the operator is only 

running the plant (what equals entering the spark spread) in case the spark spread is positive. 

 

Mathematically the operator’s decision to run the plant (in its simplest form) can be depicted 

in the following way, in which P stands for the spot price of electricity, G for the spot price of 

the respective primary fuel, HR for the heat rate, and V for the variable costs of running the 

power plant (all variable costs except primary fuel) (EYDELAND & WOLYNIEC, 2003, p. 56): 

• If P �HR �G �V � 0, the operator runs the plant: In this case the revenues P of 

selling the generated electricity (the power plant’s output) are larger than the costs 

of producing it. The latter consist of the costs of purchasing an equivalent amount 

of primary fuel ( HR �G ) and the remaining variable costs of the plant V. 

• If P �HR � G �V < 0, the operator does not run the plant: In this case the 

revenues P of selling the generated electricity do not compensate for the costs of 

buying an equivalent amount of primary fuel ( HR �G ) plus the remaining variable 

costs of running the plant V. Thus, the better decision is not to run the plant and 

receive zero instead of generating and ending up with a loss. 

 

The above decision scheme can be combined to a single equation of the operational margins 

from running the plant according to this strategy (EYDELAND & WOLYNIEC, 2003, p. 56): 

 

� = max P �HR �G �V ,0{ } 

 

Obviously, this equation is similar to the payoff of a call option on the spark spread (i.e. 

between the prices of electricity and primary fuel) with the variable costs of running the plant 

V being the strike price. Hence, it was shown that operating a power plant (in its simplest 

form) can be interpreted as holding a spread (call) option on the spark spread. However, it is 

highly important to note that the representation of a power plant with the help of spread 

options as described above needs to be strictly considered as an approximation of reality with 

a couple of simplifications inherent in the model. Dealing with a real power plant (e.g. 

valuation of a power plant) makes the inclusion of a series of operational, environmental, 

market, transmission, and further restrictions necessary, which significantly complicate the 

problem at hand. 
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3.1.6.2 Gas Storage 

By storing natural gas the calendar spread of futures or forward prices of natural gas can be 

extracted. In the following the simplest form of gas storage will be shortly described, in order 

to base several considerations regarding the writing of spread options as an alternative to the 

first procedure afterwards. 

 

(1) Extracting the futures spread: Imagine that at the beginning of a year the operator of a gas 

storage facility analyses the current futures prices for the rest of the respective year. Further, 

consider that the natural gas futures prices in October are lower than in November. In order to 

extract this price differential the operator of the respective gas storage facility simply needs to 

buy natural gas October futures (long position) and sell natural gas November futures (short 

position). Doing so is equivalent to selling the October-November natural gas futures spread 

and allows the operator to lock into its profit margin for the October-November calendar 

spread even at the beginning of the year. On the first of October the operator uses the October 

futures for buying natural gas at the comparatively lower price and injects it into the storage 

facility. Afterwards, the operator is waiting until the first of November and sells the stored 

natural gas based on the November futures at the comparatively higher price, thus, gaining a 

profit that equals the price differential between October and November natural gas futures 

prices. Note that for the sake of simplicity this example does not feature additional constraints 

as injection and withdrawal costs, discounting of futures prices, financing costs, and the 

like.
11

 (EYDELAND & WOLYNIEC, 2003, pp. 59-60) 

 

The above example has clearly shown that the value of the gas storage facility between 

October and November has a lower bound defined by the October-November futures spread. 

This statement applies to any other calendar spread as well. However, in reality using spread 

options instead of simply buying and selling forward or futures contracts may increase the 

value of the respective gas storage facility. 

 

(2) Writing a spread option on the futures spread: In contrast to the example described above, 

in the spread option approach the operator of the gas storage facility sells October-November 

spread options at the beginning of the year instead of selling the futures spread itself (i.e. 

entering into futures contracts). The spread option exhibits the following payoff scheme from 

                                                
11

 For more elaborate examples of forward/futures optimization of gas storage facilities please refer to Chapter 

5.2.1 and 5.2.2 of this thesis. 



Derivatives in the Gas Industry  3 Review of Derivative Instruments 

- 42 - 

the viewpoint of the option holder at the expiration date (i.e. most likely at the end of 

September), in which FOct stands for the natural gas October futures price at expiration and 

FNov for that of November futures at expiration (EYDELAND & WOLYNIEC, 2003, p. 60): 

 

� = max FNov � FOct,  0{ }  

 

In case that FNov is higher than FOct at expiration of the option the operator needs to pay the 

price differential to the option holder, as the operator has sold the option at the beginning of 

the year and thus holds the short position. Although a spread option loss has occurred, due to 

the availability of the gas storage facility the operator is able to recover the whole loss by 

buying natural gas based on October futures at the comparatively lower price, injecting it into 

the storage, and selling it afterwards at the comparatively higher price by signing November 

futures. Hence, the operator was able to recover the exact amount of the option loss by 

applying a strategy similar to that described in the previous example, but initiated at a later 

point in time. Thus, the gas storage facility can be characterized as a hedge for the spread 

option. Up to now we end up with a revenue of zero for the operator, however, we must not 

forget to consider the spread option premium that the operator has received at the beginning 

of the year for selling the option. 

 

All options involve up-front costs, or premiums, that the buyer needs to pay to the seller 

(writer) of the option in question. Those option premiums consist of two components: an 

intrinsic value and a time value
12

 (FUSARO, 1998, p. 25). In general, the value of the spread 

option in question and, thus, the spread option premium is approximately equal to the sum of 

the discounted futures spread it refers to at the time of writing the option (intrinsic value) and 

the additional non-zero time value of the option. As it is generally accepted in the field of 

option theory, before expiration the option value is always higher than or at least equal to its 

intrinsic value due to this time value (FUSARO, 1998, p. 25; HULL, 2006, p. 235). Thus, the 

value of the respective spread option is also higher than (or at least equal to) the value of the 

corresponding discounted futures spread alone and it is therefore usually more lucrative for 

the operator to sell a spread option instead of applying a simple optimization strategy based 

                                                
12

 With reference to the general option concept, the intrinsic value describes the difference between the strike 

price and the price of the underlying, whereas the time value is a function of the remaining time to expiration 

and the underlying price’s volatility. When approaching expiration, the time value of an option declines as the 

probability of the option to expire in-the-money diminishes as well. Conversely, the greater the volatility of 

the underlying price, the higher is the option’s time value as the probability of the option to expire in-the-

money increases. (FUSARO, 1998, p. 25) 
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on the respective calendar spreads of futures contracts. Further, the spread option’s time value 

and, thus, also its overall value are the higher, the greater the volatilities of the underlying 

futures contracts are and the longer the time to expiration is. (EYDELAND & WOLYNIEC, 2003, 

p. 60) 

 

Coming back to the example at hand this means that – despite reporting a spread option loss, 

as FNov is higher than FOct – the operator is able to exactly recover the whole loss by applying 

the gas storage facility in the described way and, in addition, he has received a spread option 

premium for selling the option at the beginning of the year that is always higher than (or at 

least equal to) the revenue attainable by exploiting the simple futures spread strategy (i.e. the 

strategy described under (1) extracting the futures spread). 

 

In the opposite case that FNov is lower than FOct at expiration of the option, the operator does 

not need to pay anything to the option holder as the spread option expires worthless. Again, 

the total of profits and losses from the operator’s viewpoint equals the spread option premium 

that he has received when selling the option at the beginning of the year. (EYDELAND & 

WOLYNIEC, 2003, p. 61) 

 

Hence, in both cases (FNov > FOct and FNov < FOct) the operator ends up with a revenue 

amounting to the spread option premium, which is always higher than (or at least equal to) the 

corresponding discounted futures spread observable at the inception of the strategy. Thus, the 

operator should always prefer writing a spread option instead of simply extracting the 

respective futures spread. Further, as the gas storage facility can be characterized as hedge for 

the spread option, it is needless to say that its value should be at least as high as that of the 

spread option itself.  

 

Please note that in reality gas storage is not only evaluated for just two months, but for a 

longer period of, for instance, several years, thus, resulting in a complex portfolio of a huge 

number of spread options. In addition, the spread options in question are not just based on 

futures spreads, but on several types of underlying spreads, what in turn enhances the 

complexity even more. Although much more elaborate, basically every kind of gas storage 

can be described as a combination of calendar spread options and, hence, also its valuation 

should be based on this idea. (EYDELAND & WOLYNIEC, 2003, p. 61) 
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3.1.7 Swing Options 

Briefly summarized, the term swing option covers all agreements on the purchase of a 

specific underlying at a pre-specified strike price during a fixed period of time (contract 

period). However, the major difference to other derivative contracts is a swing contract’s 

flexibility with regard to the quantity to be delivered. (BLÖCHLINGER, HAARBRÜCKER, ET AL., 

2006, p. 3) 

 

The swing options’ concept of the delivered volume of energy (e.g. natural gas or electricity) 

being able to “swing” between pre-specified limits can be characterized as a reaction to the 

specific needs of end users that exhibit some uncertainty in their demanded energy volumes. 

They are therefore theoretically exposed to large volumetric risks, as it is not possible to 

determine the exact volume of future demand in advance and, thus, to hedge it accordingly. 

Swing options represent an instrument that allows this risk to be at least partially hedged 

(CLEWLOW & STRICKLAND, 2000, p. 131). Furthermore, due to the contractually fixed 

minimum delivery quantities in most contracts and the accompanying penalties in case of 

non-compliance, the writer of the swing option (e.g. energy companies) becomes able to 

predetermine the future demand of his customers to a certain extent and, thus, to adjust his 

behaviour accordingly. 

 

The uncertainty in the end users’ demanded volume of energy stems from, for instance, 

current weather conditions in the case of residential consumers, who adjust their demand of 

natural gas for heating purposes in the winter or that of electricity for cooling purposes in the 

summer accordingly. Further, industrial consumers exhibit varying levels of demand for 

several energies according to their current production, which in turn is influenced by the 

economic state of the respective country as well as the amount of products exported to foreign 

countries. The above examples clarify that volumetric flexibility is an essential feature of 

energy contracts in general in order to counteract the omnipresent volumetric risks. 

 

Technically, swing options can be described as a series of forward contracts featuring some 

flexibility with regard to the contract volume. Let the total contract period be 0,T[ ]  (e.g. a 

year) and let k denote the pre-specified strike price for one unit of the underlying (e.g. in 

$/MMBtu for natural gas of $/MWh for electricity). On each exercise period t (e.g. a day, an 

hour, etc.) in the contract period 0,T[ ]  the buyer of the swing option has the right to demand a 



Derivatives in the Gas Industry  3 Review of Derivative Instruments 

- 45 - 

quantity qt of the underlying from the seller, which is subject to the following restrictions 

(GEMAN, 2005, p. 296): 

 

m � qt � M    and   A � qt

t= 0

T

� � B  

 

In the above equations m and M specify the minimum and maximum volume available to the 

option owner per single exercise period t (i.e. per trade date), whereas the cumulative 

minimum and maximum quantities of the underlying over the entire contract period 0,T[ ]  are 

represented by A and B, respectively. In general practice, definite limits in form of an upper as 

well as lower bound are solely specified with regard to the entire contract period, the 

demanded quantity per single exercise period is usually constrained upwards only. In 

addition, a penalty may be introduced that is due in case the option holder’s demand falls 

below the contractually agreed minimal take A over the entire contract period (in special cases 

the penalty may also refer to the minimal take m per exercise period). The contract is then 

referred to as “Take-or-Pay” (ToP) option or contract, respectively. Further, in the specific 

case of A = B the total quantity over the entire contract period is exactly fixed to a certain 

value. 

 

Please note that the swing contract may not necessarily be subject to a pre-specified fixed 

strike price k but to a specific scheme (e.g. combination of one or more indices plus a 

constant) according to which a floating strike price is calculated for each single exercise 

period (BLÖCHLINGER, HAARBRÜCKER, ET AL., 2006, p. 3). 

 

The valuation of swing options can be characterized as relatively complicated as they feature 

a rather unpleasant property: The optimal decision on the quantity of energy to demand on a 

certain date is not solely dependent on the current energy price but also on the overall amount 

of energy already demanded due to the swing options’ volumetric restrictions for the entire 

contract period. Hence, swing options can be described as a kind of path dependent American 

style options. Thus, the quantity of energy already demanded can be defined as the path 

dependent variable. Many authors propose backward solving along a tree as the most feasible 

method of coping with the valuation problem at hand. (CLEWLOW & STRICKLAND, 2000, pp. 

131-132; GEMAN, 2005, pp. 297-298) 
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3.2 Conclusion 

In the framework of the chapter at hand the most important derivative instruments, which are 

either similarly present in both the pure financial as well as the commodity markets or that 

represent idiosyncratic products of the commodity markets only, were presented in a 

summarizing manner. 

 

The aim of this chapter, on the one hand, was to make the reader familiar with the huge 

diversity of products that are used for risk management and supply purposes in the world of 

commodities and to clarify their general modes of operation. On the other hand, this stepwise 

introduction of several derivative products was essential in order to establish the necessary 

knowledge base for the probably most complicated derivative construct in a consistent way, 

which will be the main topic in the further course of this thesis: natural gas storage facilities. 

Those exhibit properties of several “common” derivative products and can be thus viewed as 

hybrids with overall complexities never encountered before. 

 

For instance, depending on the applied valuation viewpoint natural gas storage facilities 

exhibit elements of forward or futures contracts as their injection and withdrawal schedule 

can be optimized with regard to the current forward or futures price curve. In a more dynamic 

formulation they incorporate characteristics of spread options as they allow the operator to 

lock into a specific calendar spread of natural gas prices at two or more points in time. The 

operator, however, is not obligated to do so and will only act as the spread is favourable what 

in turn highlights the option component of natural gas storage facilities. Lastly, with the 

storage facilities’ path dependent nature in terms of operating decisions and the flexibility of a 

facility’s injection and withdrawal rates in certain bounds, elements are displayed that closely 

resemble some characteristics of swing option contracts. 

 

Some of the existing parallels were already mentioned in the respective derivative’s section of 

this chapter, but the majority will be highlighted in the further course of this thesis. Hence, 

further references back to this chapter will be given at appropriate places. 
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4 Overview of the Natural Gas Markets 

The following chapter is concerned with the current situation on the worldwide markets for 

natural gas. The first part deals with the separation of the world market and shortly introduces 

the major market participants, trading hubs, exchanges, and traded products. Finally, various 

forms of natural gas consumption are investigated together with the currently proceeding 

changing scope of its application. In contrast, the second part is mainly focused on the 

characteristics of natural gas price processes, dynamics, and the price formation. Important 

demand- and price-influencing factors are discussed and the idiosyncrasies of natural gas 

price distributions, the characteristics of the forward curve, its volatility structure, and the like 

are investigated. 

 

The necessity of this chapter can be seen in providing a basic understanding of the 

functioning of the world natural gas markets and in analysing the idiosyncrasies of its price 

evolution and dynamics over time. Both factors represent important foundations for the 

subsequent discussions on natural gas storage facilities whose existence, for instance, is 

primarily justified by the seasonality of natural gas spot and forward prices. 

 

Please note that the field at hand is of a relatively complex and broad nature and, hence, this 

chapter includes analyses of the major characteristics only that have important implications in 

the further course of this thesis. 

 

4.1 World Natural Gas Outlook 

In the course of the last few decades natural gas has experienced a metamorphosis from the 

apparently useless by-product of oil production that was burned in huge amounts directly at 

the fields to the fastest growing energy commodity of these days. This enormous increase in 

the natural gas’ attraction is based on a variety of reasons: (1) The use of natural gas instead 

of several other fuels offers advantages in its own right (e.g. a high calorific value, low 

emissions, etc.). (2) Further, the importance of natural gas as energy source has increased due 

to the dramatically increasing application of natural gas for electricity generation. (3) Finally, 

the worldwide reserves of natural gas need to be characterized as rather promising compared 

to those of, for instance, coal or oil, which become more and more depleted and, thus, exhibit 

lower reserve numbers every year. (GEMAN, 2005, p. 229) 
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4.1.1 Reserves of Natural Gas 

Due to the continuous detection of new reserves and the readjustment of old ones to usually 

higher numbers, the reserves of natural gas around the world can be characterized as 

abundant. According to current estimates they amounted to more than 183 trillion cubic 

metres at the end of 2006, of which around 31.18% are allotted to the former USSR, 15.34% 

to Iran, and 14.06% to Qatar, to name the three largest reserve locations of the world. The 

total OECD reserves amount to just 9% of the world reserves with around one third of this 

share being located in the USA. (OECD/IEA, 2007a, pp. II.50-II.51) 

 

4.1.2 Fragmentation of the Natural Gas World Market 

Although the worldwide trade of natural gas due to its increased transportation in the form of 

LNG
13

 has risen in the last few years, the structure of the natural gas markets around the globe 

can still be described as partitioned into three regional markets. These are (1) America with 

trade mainly taking place from Canada to the USA, (2) Europe with the main trading 

direction being from Norway, Russia, and Algeria to Western Europe, and (3) Asia where the 

most important sale of natural gas is conducted from Indonesia, Australia, and the Middle 

East to Japan. (GEMAN, 2005, p. 229) 

 

It is important to note that the reason for this separation is mainly represented by the high 

transportation costs of natural gas over large distances compared to, for instance, oil. The 

latter can be shipped around the world for only a small fraction of its own value, whereas the 

costs of natural gas transportation are five to ten times higher. Hence, the oil market was 

easily able to emerge to a global market, whereas natural gas was hindered in this evolution. 

However, due to the steadily increasing use of natural gas transportation in the form of LNG 

the world segmentation described above continuously disappears and will eventually be 

entirely overcome. 

 

Further, as the structure of the natural gas market is still regionally partitioned to a certain 

extent, in contrast to oil no uniform world price for natural gas can be recorded. Today’s most 

liberalized markets are probably represented by those of North America and the UK with 

                                                
13

 Natural gas is liquefied by cooling it to approximately -162°C at normal pressure. Liquefied natural gas 

(LNG) offers the advantages of a better transportability and the removing of impurities what in turn leads to 

lower emissions when fired. The gains in transportability result from the volume of LNG, which is 600 times 

lower than that of gaseous natural gas. (GEMAN, 2005, pp. 246-247) 
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prices being almost exclusively defined by competitive mechanisms and, thus, responding to 

the forces of supply and demand. A clearly contrary example is displayed by the Russian 

Federation where the gas market is of a monopolistic nature featuring artificially low 

domestic prices whose losses are recovered with the help of natural gas exports to foreign 

markets at high price levels. For a couple of countries in western and southern Continental 

Europe again a slightly different picture may be established: The price of natural gas is 

frequently determined based on competition with alternative fuels and indexed on a specified 

oil product price. However, the recent years demonstrated a proceeding liberalization of the 

European natural gas market and, thus, it is likely to eventually result in a highly liberalized 

market according to the ideal of North America or the UK. (GEMAN, 2005, p. 233) 

 

As the analyses in the further course of this thesis assume a widely liberalized market for 

natural gas and this is also the type of market, which most currently not fully liberalized 

markets evolve to, the following explanations often refer to markets in Northern America or 

the UK. 

 

4.1.3 Natural Gas Markets in Detail 

4.1.3.1 Market Participants 

On the general market for natural gas basically five categories of market participants can be 

specified (EYDELAND & WOLYNIEC, 2003, p. 3): 

• Natural gas producers 

• Pipeline companies (Transporters) 

• Local delivery companies (Distributors) 

• Consumers 

• Marketers (intermediaries; managing the other parties’ interactions) 

 

4.1.3.2 Contract Types 

With regard to the physical procurement of natural gas two different contract types need to be 

distinguished. The first one is represented by contracts for physical delivery in the spot 

markets, which allow a relatively high flexibility in terms of timing and amount of natural gas 

purchases. In contrast, the alternative form of natural gas trading involves long-term supply 

contracts that have been in existence much longer than the spot contracts mentioned before 
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and still constitute the major contract type in international gas trading in spite of the persistent 

growth of the spot markets. Further, the latter contract type features several characteristics of 

a classic swing contract or option, respectively (e.g. restrictions for the total volume taken, 

volumetric flexibility of the buyer, ToP clauses; see Chapter 3.1.7 for details). However, long-

term supply contracts are mainly focused on agreements between natural gas distribution 

companies and the actual producing countries or companies. By applying this kind of contract 

the natural gas producers are ensured a continuous flow of funds that in turn enables them to 

afford the high investments for production and transportation facilities for natural gas.
14

 

(GEMAN, 2005, pp. 233-236) 

 

In addition, derivative instruments based on natural gas are traded as well. Those are, for 

instance, natural gas forward, futures or option contracts, which closely resemble their 

relatives in other markets. For an overview of these derivatives’ general characteristics please 

refer to Chapter 3.1 of this thesis. Further, at the end of Chapter 3.1.1 the exact specifications 

of NYMEX Henry Hub natural gas futures are depicted. 

 

4.1.3.3 Locations for Spot Trading 

Important natural gas trading hubs generally develop at intersections of major pipelines and at 

locations with a suitable access to storage facilities – factors guaranteeing a high level of 

flexibility in terms of sourcing, volumes, and transportation alternatives to and from the hub. 

Hence, most hubs represent physical locations with a real infrastructure, however, besides 

them so-called virtual hubs are present as well. 

 

In North America the US natural gas market exhibits an example of a very competitive 

market featuring a large number of actors as well as direct contact between the producer and 

consumer sides. These are the preconditions for the existence of working and liquid natural 

gas spot markets, of which the most important ones are represented by the Henry Hub Index 

in the Gulf of Mexico, the New York City Gate, the Chicago City Gate, the Katy Hub Index 

(Texas), and the South California Border Index. With the AECO (Alberta Gas Price Index) 

Canada offers another reference natural gas spot market on the North American continent. 

(GEMAN, 2005, p. 237) 

                                                
14

 Please note that in addition a new contract type has evolved, the so-called production-sharing agreement, 

which is used to directly participate the investors of capital-intensive projects in the ownership of the 

respective outputs. (GEMAN, 2005, p. 236) 
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In Europe the first natural gas market being liberalized was that of the UK in 1996. As most 

other European countries started the process relatively late, the one of the UK today still 

represents the market with the highest level of liberalization in Europe. However, in the last 

few years the liberalization process continued all over Europe, but being far from complete up 

to now. In the UK natural gas spot trades today mainly take place over-the-counter featuring 

physical or financial settlement at the National Balancing Point (NBP; an example of a virtual 

hub) and, with minor importance, at Bacton. Further, probably the most important hub in 

Continental Europe is represented by Zeebrugge (Belgium), which also constitutes the 

continental connection point of the Interconnector pipeline to Bacton (INTERCONNECTOR (UK) 

LIMITED, 2003). Finally, Emden (Germany) is another hub in Europe with growing 

importance that needs to be mentioned in this context. (GEMAN, 2005, pp. 238-239) 

 

4.1.3.4 Locations for Derivative Trading 

With special regard to derivative instruments based on natural gas (e.g. forwards, futures, 

options, swaps), the major exchanges worldwide are represented by the New York Mercantile 

Exchange (NYMEX), the Intercontinental Exchange (ICE; electronic marketplace 

headquartered in Atlanta), the European Energy Exchange in Leipzig (EEX), and the Natural 

Gas Exchange in Calgary (NGX) (EEX, 2007; ICE, 2007; NATURAL GAS EXCHANGE [NGX], 

2007; NYMEX, 2006). Due to the paramount worldwide importance of the NYMEX, data on 

natural gas futures prices in the further course of this thesis are generally based on this 

particular exchange. Please note that an overview of the typical specifications of a NYMEX 

Henry Hub natural gas futures contract can be found at the end of Chapter 3.1.1. 

 

Finally, it is necessary to highlight that the clear differentiation between locations for spot and 

those for derivative trading is more and more weakened as, for instance, several traditional 

derivative locations already started providing spot contracts (e.g. both EEX and NGX are 

currently offering spot and day-ahead contracts with physical delivery (EEX, 2007; NGX, 

2007)). 

 

4.1.4 Consumption Patterns of Natural Gas 

Figure 4.1 depicts the share of natural gas in the overall energy consumption of the USA in 

2006 as well as the division of the entire natural gas consumption to various sectors. A 

fraction of 22.5% of the US energy consumption in 2006 was consumed in the form of natural 
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gas. The major part (39.8%) of the entire energy demand was still supplied by petroleum 

products, which are mainly constituted by crude oil. Coal exhibited an almost similar share as 

natural gas (22.6%), whereas nuclear power (8.2%) and renewable energy sources (6.9%) 

represented the clear minorities. 

 

The overall amount of natural gas that was consumed in the USA in 2006 can be further 

subdivided into different sectors of consumption. Around 35.4% of the overall consumption 

of natural gas was due to industrial consumers; commercial customers demanded a fraction of 

13.4%, whereas the consumption of residential customers amounted to 19.9%. Finally, a 

massively increasing share of 28.6% was used as fuel for the generation of electricity. 

 

 
Figure 4.1: US Energy Consumption by Primary Energy Source and Natural Gas Consumption by Sector in 

2006 (own depiction; data retrieved from ENERGY INFORMATION ADMINISTRATION [EIA], 2007, pp. 9, 191) 

 

The evolution of the total natural gas consumption per year in the USA from 1949 to 2006 is 

displayed in Figure 4.2 (solid blue graph). Moreover, the figure also exhibits the amount of 

natural gas that was used for electricity generation per year in absolute (solid red graph) as 

well as in relative terms as percentage of the total natural gas consumption (broken orange 

graph) over the same period of time. 
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Figure 4.2: US Natural Gas Consumption per Year in Total and Natural Gas Consumption per Year Used for 

Electricity Generation 1949-2006 (own depiction; data retrieved from EIA, 2007, p. 191) 

 

As the solid blue graph in Figure 4.2 shows, the upward trend in the total natural gas 

consumption per year in the USA was extremely pronounced and constant until the early 

1970s. In the following period until the middle of the 1980s the yearly amounts consumed 

slightly declined, whereas a rather positive trend can be recorded since then, although not as 

distinctive as that until the early 1970s. With regard to the amount of natural gas consumed 

for electricity generation a consistently positive evolution can be found over the entire period 

of time in relative (broken orange graph) as well as absolute (solid red graph) terms. 

However, during the last decade it was especially pronounced. 

 

Please note that the preceding figures are based on US data only. This is particularly due to 

their consistent availability over a time period of more than 50 years and their very suitable 

aggregation level regarding the sectoral division depicted in Figure 4.1. However, at least 

with reference to other industrial nations (e.g. the OECD countries) the respective evolutions 

closely resemble those depicted in the figures of this section. 

 

4.1.5 Natural Gas and its Changing Scope of Application: Electricity Generation 

Although only 28.6% of the overall consumption of natural gas were used for electricity 

generation in 2006, the steadily increasing importance of this share must not be ignored (see 

Figure 4.2). Currently, the demand for natural gas due to electricity generation grows by 4.8% 



Derivatives in the Gas Industry  4 Overview of the Natural Gas Markets 

- 54 - 

per year (referring to the absolute amount consumed) compared to an average increase of only 

1.4% per year for other uses. Hence, it is assumed that in 2020 a share of around 50% of the 

worldwide electricity demand will be generated from natural gas. (GEMAN, 2005, pp. 227-

229) 

 

The example of technologies or fuels, respectively, used for electricity generation in the USA 

clarifies this argument: Different regions of the USA exhibit different shares of technologies 

applied with the regions describable as equipped with comparatively younger facilities (e.g. 

NYPOOL) usually using a higher fraction of natural gas based generation facilities. Table 4.1 

depicts an overview of the most important regions of the USA and their used technologies or 

fuels for electricity generation, respectively.
15

 

 

Fuel Type NERC Region (North American Electric Reliability Council) 
 PJM 

(Pennsylvania - New 
Jersey - Maryland) 

NEPOOL 
(New England Power 
Pool) 

NYPOOL 
(New York Intrastate 
Access Settlement Pool) 

ERCOT 
(Electric Reliability 
Council of Texas) 

California 

Gas 31% 32% 90% 75% 46% 

Oil 21% 28% 74% 38% 1% 

Coal 37% 9% 0% 21% 0% 

Nuclear 21% 16% 0% 7% 9% 

Hydro 5% 12% 1% 1% 23% 

Other 1% 2% 0% 0% 21% 

Table 4.1: NERC Regions and Their Used Fuel Mixes (own depiction; following EYDELAND & 

WOLYNIEC, 2003, p. 14) 

 

While coal, nuclear, and natural gas together represent the most important fuels at the 

moment, the latter technology is massively gaining importance and seems to become the 

single dominant fuel for electricity generation in the future. This can be confirmed as half of 

all new facilities for electricity generation that are currently being built in North America are 

based on natural gas. In Europe the proportion even amounts to almost two-thirds. Moreover, 

as Figure 4.3 shows, around 60% of the electricity sector growth of all OECD countries 

between 2000 and 2004 was due to new natural gas based facilities. The rising demand is 

partly due to political commitments in several countries to avoid nuclear electricity generation 

and reduce the emission of carbon dioxide – both intentions leave natural gas electricity 

generation as the best and only option at the moment, as the capacity of renewable energy 

generation is currently far from being sufficient. Another advantage of electricity generation 

based on natural gas is the high flexibility of the involved generation facilities. (OECD/IEA, 

2007b, p. 19) 

                                                
15

 As many gas units are also compatible for being used with oil (dual generation capability) the figures do not 

necessarily add to 100%. 
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Figure 4.3: OECD Power Sector Growth 2000-2004 Divided by Fuel Types (OECD/IEA, 2007b, p. 121) 

 

The increasing importance of natural gas for electricity generation does not only exert a 

significant influence on the overall demand for this energy source. Further, it is likely to 

increase the dependence of natural gas prices on the prices for electricity what in turn results 

in important implications for storage valuation, storage operating strategies, and, thus, the 

demands placed on technical characteristics of storage facilities. For instance, a higher 

correlation between natural gas and electricity prices in the future implies an increasing 

volatility of natural gas prices what in turn renders storage strategies that consider short-term 

price fluctuations (e.g. daily fluctuations) more lucrative. However, in order to perform this 

kind of strategy it is necessary to have storage facilities with sufficiently high injection and 

withdrawal rates available. As can be easily seen from this simple example, interactions 

between very different elements of the entire market may exist, which may not be obvious at 

first sight, but exert significant influences on each other and, hence, need to be incorporated 

carefully. 

 

4.2 Price Processes, Dynamics, and Distributions 

The prices of natural gas do clearly reflect the seasonal demand situation, which can be 

characterized by a high demand for natural gas in the winter and a comparatively lower 

demand in the summer, what in turn results in high winter and low summer prices. However, 

in strong contrast to the enormous seasonal price differentials of electricity, whose summer-

peak prices may be many times higher than the equivalent winter prices, the “high” winter 

prices of natural gas are in general only 25% to 30% higher than its equivalent summer prices 
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(EYDELAND & WOLYNIEC, 2003, p. 351). Further, over the last few years the prices of natural 

gas worldwide exhibited a general tendency to rise on average. 

 

4.2.1 Demand- and Price-Influencing Factors 

The natural gas price with its volatility between 65 and 70% on an annual basis shows the 

second highest volatility of all commodities – clearly higher compared to that of oil and 

exceeded only by that of electricity. This fact may be explained to a huge extent by the 

currently only limited availability of suitable storage facilities and the involved high costs for 

building and running those. Furthermore, the natural gas market is still regionally divided 

what is in strong contrast to other commodity markets like the oil market, which has emerged 

to a kind of world market for a fairly long time. Another factor influencing the high volatility 

of natural gas can be seen in its strong relationship to electricity, which represents the most 

volatile commodity. (GEMAN, 2005, p. 60) 

 

The drivers that are behind the fluctuations of the natural gas price and, thus, its high 

volatility are differentiable into the following seven categories: weather, economic situation, 

trade, fuel competition, storage activities, demographics, and, finally, legislation. The first 

five exhibit a rather short-termed orientation, whereas the last two both exert their influences 

in the medium to long run. Please note that this list is clearly not meant to be understood as 

exhaustive. Particularly with regard to long-term influences various others do exist that 

mainly depend on technical and ecological evolutions (e.g. changing production technologies, 

avoidance of emission-intensive fuels, declining fuel reserves, etc.). In the following each of 

the above categories is highlighted and the main sources for their demand- and price-

influencing potentials are shortly analyzed. Please note that although the deregulation of the 

energy markets is not complete up to now in every single market of the world,
16

 an increasing 

demand generally involves a comparatively higher price and vice versa (assuming a more or 

less constant supply base). This goes in line with the notion of a competitive market, in which 

the price of a certain good is determined by the free interchange of supply and demand 

(MANKIW, 2001, pp. 80-81). Thus, the term higher demand basically also refers to a higher 

price (and vice versa) in the following argumentation, although it may not be stated explicitly 

at any reference. 

                                                
16

 Please note that, for instance, the Russian Federation represents a monopoly featuring artificially low 

domestic prices, which are clearly not subject to the forces of supply and demand. However, in the context of 

the explanations at hand the price-influencing factors of a typical liberalized market are investigated. 
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4.2.1.1 Weather 

The respective current weather situation can probably be characterized as the major driver 

behind fluctuations of the natural gas demand. The most evident connection between the 

weather and the demand for natural gas is clearly given by its use as fuel for residential and 

commercial heating. Obviously, the demand resulting from this purpose is highest in the cold 

and lowest in the warm months of the year, while the peak in the cold season is the more 

pronounced the lower the temperatures are and vice versa. This characteristic is usually 

referred to as seasonality of the natural gas demand. (NATURAL GAS SUPPLY ASSOCIATION 

[NGSA], 2004; NATURAL RESOURCES CANADA [NRCAN], 2006a, p. iv) 

 

In the past the application of natural gas as fuel for heating purposes may have described the 

only connection between the weather situation and the demand for natural gas, what in turn 

made the latter’s prediction rather straightforward, however, this situation has changed during 

the last decade: Due to the impressive growth in the share of gas-powered electricity 

generation (see Chapter 4.1.5), the demand for natural gas is further linked to that for 

electricity. Thus, in the summer months with the highest temperatures there is another 

(smaller) peak in the demand for natural gas as the electricity consumption increases with the 

use of air-conditioning systems (currently this statement refers to countries with a high 

demand for and familiarity with air-conditioning systems only, e.g. the USA, Canada) 

(GEMAN, 2005, p. 230). Hence, the higher the temperatures, the higher is the summer demand 

for natural gas. Further, the steadily increasing use of natural gas for electricity generation and 

the location of the highest demand for electricity in the summer months may together lead to a 

significant shift in the relative consumption of natural gas from winter to summer (although 

probably retaining the major spike in the winter). That in turn may lead to a relaxation of the 

price differential between summer and winter prices in the future. (EYDELAND & WOLYNIEC, 

2003, p. 3; NGSA, 2004) 

 

Obviously, the weather situation is highly influential with regard to the demand for natural 

gas and, hence, its price level. Thus, considering the inclusion of weather data, particularly 

temperature, into natural gas price process models seems to be a natural course of action. This 

intention clearly involves a comprehensive analysis of the weather behaviour on various bases 

(daily, monthly, yearly, etc.) in order to describe its distribution, seasonality, temporal 

autocorrelations, locational correlations, and the like as exactly as possible. At this point the 
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importance of this topic shall be announced, an all-embracing investigation, however, reaches 

beyond the scope of this thesis. 

 

Further, extreme weather situations like hurricanes, tornados, or floods may exert significant 

influences on the production of natural gas. In the worst case these natural phenomena can 

lead to a shutdown (e.g. in the case of offshore production platforms) or even destruction of 

production facilities what in turn results in supply shortages and, hence, rising prices for 

natural gas. The ravages of the hurricanes Katrina and Rita in the USA can be seen as 

examples of the enormous impact that natural phenomena may exert on the supply of natural 

gas. At the peak their destruction led to a shutdown of around 90% of the Gulf Coast’s 

production capacity. (NGSA, 2004; NRCAN, 2006a, p. iv) 

 

4.2.1.2 Economic Situation 

The natural gas demand of industrial consumers is in general closely linked to the current 

economic situation of a country. A boom situation commonly involves a higher industrial 

output (i.e. a higher production level) what in turn results in a higher natural gas demand for 

production purposes. The opposite is true for recessions, in which the industrial output slows 

down and the demand for natural gas decreases. An example of this relationship is the 2001 

economic downturn in the USA, which was accompanied by a 6% decrease in the overall 

natural gas demand of industrial consumers. (NGSA, 2004; NRCAN, 2006a, p. iv) 

 

4.2.1.3 Trade 

Obviously, the current trade situation heavily influences the price of natural gas as well. 

Importing countries are clearly dependent on the conditions and the regularity of their natural 

gas supplies. Thus, supply shortages can result in dramatic price increases within relatively 

short periods of time. On the other hand, for exporting countries the delivery of natural gas to 

other countries constitutes an additional source of demand that may amount to significant 

shares of the total production, hence, exerting an influence on the exporting country’s natural 

gas price level as well. Moreover, changes in the exchange rates between exporting and 

importing countries’ currencies additionally impact the prices for natural gas. (NRCAN, 

2006a, p. iv) 
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4.2.1.4 Fuel Competition 

Usually, residential as well as most of the commercial consumers of natural gas, whose main 

application of the fuel is for heating, do not have any flexibility regarding the kind of fuel 

they use. They rely on natural gas whatever the current market price is and are at most able to 

slightly alter their consumption level in the case of high current prices. However, a large share 

of the industrial consumers as well as most electricity generation companies are able to switch 

their demand to an alternative fuel (e.g. coal) if the current natural gas prices are very high. 

Hence, the price of natural gas can have a significant reverse influence on its demand, at least 

with regard to certain consumers that have the capacity to change the fuel type they rely on. 

(NGSA, 2004) 

 

4.2.1.5 Storage Activities 

Obviously, injection activities into natural gas storage facilities represent another source of 

demand for natural gas, whereas withdrawal activities can be characterized as a temporary 

enlargement of the supply base, both having the ability of impacting the respective natural gas 

price level (i.e. higher demand results in higher prices and vice versa). In addition to this 

rather direct influence the current storage level does also provide signals to the market, thus, 

impacting the price formation mechanisms. On the one hand, when the natural gas storage 

levels are relatively low, the market participants anticipate that there can be no significant 

buffer in natural gas supplies due to storage withdrawals (in case of supply bottlenecks, for 

example), hence, the current prices are likely to rise. On the other hand, when the current 

storage levels are high, this sends a signal to the market that the current buffer capacity is 

large what in turn is likely to lead to falling natural gas prices. Therefore, natural gas storage 

levels and prices are inversely related to a certain extent. (NRCAN, 2006a, p. iv) 

 

4.2.1.6 Demographics 

The demographics of a certain country exhibit another influence that needs to be considered 

when analysing natural gas demand- and price-influencing factors. This may be clarified by 

the example of the USA, where a recent demographic trend is the increased population 

movement out of the rest of the country to the Western and Southern states. As those areas 

can be characterized by a generally warmer climate compared to the rest of the USA, the 

overall US demand for heating and, thus, for natural gas is likely to decline. On the other 
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hand, the demand for electrically operated air-conditioning may sharply increase at the same 

time. Due to the growing share of electricity that is generated by using natural gas as fuel, this 

effect may eventually compensate or even overcompensate the former what in turn could lead 

to an unchanged demand for natural gas over the whole year, although a clear shift of the 

relative demand from the winter to the summer months will certainly take place. The 

evolution to a finally increasing natural gas demand may be facilitated by further 

advancements of distributed electricity generation (i.e. residential customers with own 

generation capacity based on natural gas) and natural gas cooling technologies (i.e. gas-

powered air-conditioning). (NGSA, 2004) 

 

Further, the generally aging population structure of almost all industrialized nations with a 

clearly larger proportion of older people compared to younger ones is often equated to an 

increasing demand for cooling in warmer as well as for heating in cooler months, since the 

elderly are assumed to be not able to cope with changes of the climatic conditions the same 

way as younger people do. (NGSA, 2004) 

 

4.2.1.7 Legislation 

Finally, due to the growing consideration of air pollution issues in legislative activities and 

the characteristic of natural gas of being one of the cleanest fuels, an increasing demand for 

natural gas compared to other (fossil) energy sources is likely. 

 

4.2.2 Spot Prices 

In the following section some of the main characteristics of natural gas spot prices and their 

underlying distributions will be presented. This is particularly important as the choice of a 

specific price process or valuation model, its testing, as well as parameterization all depend to 

a huge extent on the knowledge about the relevant underlying distribution of the respective 

sample (e.g. several valuation models are based on the normality or lognormality assumption 

of the underlying price distributions). Thus, the correct understanding of the distribution 

properties of the underlying variables is essential for the success of every kind of stochastic 

model. Since the applied valuation approaches in later stages of this thesis involve the 

simulation of future spot prices, for instance, it is an important basic requirement to 
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understand the relevant distribution properties in reality.
17

 The aim of this effort can be 

characterized as achieving a difference between empirical and resulting model distributions 

that is as insignificant as possible. However, in order not to overload the reader with 

mathematical details that have no use for the further course of this thesis, only the most 

crucial issues will be discussed in this section in a relatively brief manner. 

 

In the following the distribution properties of natural gas spot prices are investigated. 

Therefore, Figure 4.4 visually depicts the time series of a sample of natural gas daily spot 

prices at Henry Hub between January 1996 and December 2001 as a first introductory step. 

This sample can be regarded as more or less characteristic for the general behaviour of natural 

gas spot prices of our decade on almost all liberalized markets. 

 

 
Figure 4.4: Time Series of a Sample of Natural Gas Daily Spot Prices at Henry 

Hub (EYDELAND & WOLYNIEC, 2003, p. 73) 

 

Further, we want to analyse whether the log-returns of the above time series of natural gas 

daily spot prices exhibit a normal distribution. Thus, the log-returns need to be calculated. 

The log-returns Xi for a given sequence of spot prices Si are defined as (EYDELAND & 

WOLYNIEC, 2003, p. 71): 

 

                                                
17

 Please refer to Chapter 2 for an overview of potentially applicable price process models and to Chapter 2.4 for 

a well-founded recommendation which model to use for the simulation of natural gas spot prices. 
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Xi = ln
Si+1

Si

 

 

Figure 4.5 presents the histogram of the calculated daily log-returns of the time series shown 

above. 

 

 
Figure 4.5: Histogram of the Sample’s Daily Log-Returns (EYDELAND & 

WOLYNIEC, 2003, p. 74) 

 

Finally, Table 4.2 provides an overview of the first four moments (mean, variance, skewness, 

and kurtosis) of the daily log-returns of the applied sample of natural gas daily spot prices. 

Moreover, Table 4.2 also features the values of the Jarque-Bera test as well as the 

Kolmogorov-Smirnov test; the former representing a statistic used for testing the normality 

hypothesis based on skewness and kurtosis of the underlying distribution, the latter a statistic 

that is of a more general character allowing the test of whether an underlying distribution 

differs from a hypothesized distribution that does not necessarily need to be the normal 

distribution
18

 (EYDELAND & WOLYNIEC, 2003, pp. 70-71; JARQUE & BERA, 1980, p. 257). 

 

 

 

                                                
18

 As the mathematical details of those tests are irrelevant for the further course of this thesis, please refer to 

JARQUE and BERA, 1980, pp. 255-259, or EYDELAND and WOLYNIEC, 2003, pp. 69-71, for a more elaborate 

description. 
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Number of 
observations 

Mean Standard 
deviation 

Variance Skewness Kurtosis Jarque-
Bera 

Kolmogorov-
Smirnov 

1582 -0.00007 0.04 0.0016 -0.38 7.03 1040.6 0.06 

Table 4.2: Quantitative Measures of the Sample’s Daily Log-Returns (own depiction; following 

EYDELAND & WOLYNIEC, 2003, p. 74) 

 

A lot of non-normal distributions separate themselves from the normal distribution due to the 

fatness of their tails. This is exactly what is obvious from the above figures and measures: 

The enormous spikiness of the time series depicted in Figure 4.4 clearly is the reason for the 

fat tails of the log-returns’ histogram in Figure 4.5. That in turn results in the extremely high 

value of the Jarque-Bera test as well as the relatively high one of the Kolmogorov-Smirnov 

test, both implying that the normality hypothesis for the distribution of log-returns needs to be 

rejected at a 1% rejection level.
19

 The existence of fat tails regarding the log-returns’ 

histogram is additionally supported by the high kurtosis value of 7.03 reported in Table 4.2. In 

contrast, the low value of skewness (-0.38) is quite close to that of a normal distribution,
20

 

which exhibits a skewness of zero, thus, not representing a further reason for the rejection of 

the normality hypothesis. Hence, in the case of natural gas prices the skewness of the 

distribution does not represent a cause (or only a minor one, respectively) for its non-

normality, however, the distribution’s high kurtosis in line with the time series’ spikiness and 

the histogram’s fat tails do. 

 

In conclusion, the above brief investigation has shown that the distribution of natural gas spot 

prices can be characterized as extremely different to price distributions in more traditional 

markets, which often fulfil the assumption of normality of the prices’ log-returns or 

lognormality of the prices themselves, respectively. 

 

4.2.3 Forward and Futures Prices 

One of the most prominent examples of the behaviour and distribution of forward or futures 

prices in the natural gas sector, respectively, is constituted by the prices of NYMEX natural 

gas futures. However, a straightforward analysis of the distribution properties of the prices of 

a specific forward or futures contract, as it was done for spot prices in the preceding section, 

                                                
19

 The null hypothesis of the normality of a population’s distribution is rejected at a 1% significance level if the 

Jarque-Bera statistic is larger than 9.21. Further, for the sample at hand the Kolmogorov-Smirnov statistic 

would need to be smaller than 0.041 (= 1.63 / �n; n = 1582) at a 1% significance level for the null hypothesis 

to be accepted. 

20
 Note, that a normal distribution exhibits a skewness of zero, a kurtosis of 3, and a Jarque-Bera statistic of 

zero. 
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is not really feasible in this framework. By investigating a specific month’s NYMEX futures 

prices over a time period of several years (e.g. collection of the daily prices of the NYMEX 

December 2010 futures from today on) we may indeed end up with several hundred 

realizations of this value, however, we have then sampled the prices of a certain contract at 

different moments in time. Thus, if we later apply the same statistical methods to this data 

sample as in the preceding section in order to reach conclusions about the statistical properties 

of the respective prices at one particular point in time, we violate the main requirement 

underlying these methods. While testing distribution hypotheses the basic assumption is that 

each sample element Xi is taken from the same population, or – in other words – is a 

realization of the same random variable X. With regard to the analysis of a time series this in 

turn means that each element of the series is implicitly assumed to have the same underlying 

distribution. Transferred into the framework of futures contracts this coincides with the 

assumption of stability of a given NYMEX futures contract’s distribution of log-returns over 

all points in time or some stationarity of the futures price evolution, respectively. (EYDELAND 

& WOLYNIEC, 2003, p. 75) 

 

As the futures price converges to the spot price of the underlying the closer the expiration date 

of the contract comes, the distribution of the futures price naturally also changes and 

approaches that of the underlying spot price, which, for instance, commonly features a higher 

(or at least another) volatility compared to that of the futures so far (GEMAN, 2005, p. 73; 

HULL, 2001, p. 31). This is true for forward contracts in a relatively similar manner, too. 

Hence, as a matter of fact the distributions of futures or forward prices, respectively, are 

almost always clearly changing as the expiration date of the respective contract is approached. 

Therefore, the stability of a certain futures or forward contract’s distribution of log-returns is 

only limited and the underlying assumption of stationarity of the price evolution is definitely 

violated. It is highly important to recognize this specific problem and to include suitable 

methods into the analysis in order to reduce the non-stationarity’s effect. One possible 

solution may be found in using a data transformation procedure with the aim of reducing the 

non-stationarity of the original time series, thus, making the sample’s analysis more feasible 

(EYDELAND & WOLYNIEC, 2003, p. 75). However, finding the right method of transformation 

as well as applying it to the original data sample is not always an easy undertaking and does 

not contribute a lot to the further course of the thesis at hand. Hence, the discussion of this 

procedure is omitted in the framework of this thesis. 
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4.2.4 Forward Curves 

The following section is dedicated to the analysis of several empirical characteristics of 

natural gas forward curves. In general, the forward curve of a given commodity prevailing at 

time t can be understood as a graphical representation of the set of forward prices 

Ft (T), T > t{ } observable at date t for various traded maturities T (GEMAN, 2005, p. 71). 

Naturally, the above holds for futures prices in a similar manner. 

 

A specific feature of forward curves in the energy markets is constituted by its often non-

homogenous quotes, meaning that the observed forward prices exhibit a fine resolution for 

near expiration dates (e.g. a weekly scaling in the next months), a medium resolution for 

medium durations (e.g. monthly scaling in the near years), and, finally, a rather coarse one at 

the far end of the curve (e.g. quarterly or even yearly in the far years). In generating the 

forward curve these quotes are firstly used as inputs for an interpolation procedure that 

transforms the non-homogenous resolution of the respective forward prices of different 

maturities into a more uniform structure. Hence, the resulting forward curve is usually 

continuously differentiable. (EYDELAND & WOLYNIEC, 2003, p. 79) 

 

Figure 4.6 depicts an example of a typical forward curve of the natural gas sector. The curve 

was generated based on NYMEX natural gas futures prices retrieved on the 17 August 2007 

for contracts maturing between September 2007 and December 2012. Please also note that 

NYMEX natural gas futures contracts represent one of the forward/futures structures of the 

energy markets that do not feature the non-homogenous quotes described above – 

contrastingly, NYMEX natural gas futures contracts are traded with a monthly resolution for 

all durations. 
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Figure 4.6: NYMEX Natural Gas Futures Price Curve on 17 August 2007 (own depiction; data 

retrieved from NYMEX, 2006) 

 

As easily can be seen the above graph exhibits a uniformly oscillating structure, which 

constitutes only one of the various idiosyncrasies of forward curves in the energy sector. In 

the following some of those specific characteristics will be analyzed in more detail. 

 

Firstly, the forward curve of Figure 4.6 clearly exhibits a strong seasonality of the underlying 

prices. While this characteristic may be common to curves of the energy sector (e.g. 

electricity, natural gas, etc.) it is heavily contrasting to most forward curves of the financial 

markets. Although seasonality patterns can be found in almost every forward curve of the 

energy sector, their particular seasonal shape is regionally different and depends on various 

factors like regional weather conditions, current and future supply conditions, as well as the 

demand structure, for example. 

 

Secondly, it is important to note that most energy markets are still separated to a certain 

extent due to various reasons (e.g. high transportation costs, geographic distance, exchange 

restrictions and difficulties, etc.; cf. to Chapter 4.1.2). This in turn results in a relatively low 

correlation between forward curve movements of different markets or regions. Currently this 

necessitates a separate study of each regional price structure, whereas in the future the further 

evolution of the energy markets may yield to a more uniform total market based on, for 

instance, the ongoing deregulation of the energy sector and improvements of transportation 

issues. 
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Thirdly and in contrast to the correlation to other markets mentioned before, intertemporal 

correlation constitutes another characteristic feature of forward curves in the energy sector, 

particularly for fuel curves like that of natural gas. This means that there is a strong 

correlation between movements of different parts of a forward curve. In the framework of the 

above example of the NYMEX natural gas futures price curve depicted in Figure 4.6 this 

corresponds to the fact that, for example, a change of a single monthly futures price is very 

unlikely, instead the whole curve or a larger part of it will consistently shift up- or 

downwards, thus, retaining the relative shape of its seasonal patterns. (EYDELAND & 

WOLYNIEC, 2003, pp. 79-80) 

 

4.2.5 Volatility Structure 

As commonly understood and applied in the financial markets, the term price volatility 

describes a measure of the uncertainty regarding future changes of the price of the underlying. 

Hence, the greater the value of the volatility, the higher is the degree of uncertainty and the 

more likely are extreme movements of the underlying price. (HULL, 2006, p. 259) 

 

In the following the volatility characteristics of natural gas spot and forward/futures prices as 

well as that of other related energy types are analyzed. For this purpose, the examination is 

split into the historical and spot perspective on the one hand (applying historical volatilities), 

and the forward/futures perspective on the other hand (applying implied volatilities). Please 

note that the analysis is focused on the idiosyncrasies of the energy prices’ volatility 

structures, mathematical details of how the estimation of the measures is exactly performed 

are only touched on as they are of no meaning for the further course of this thesis. 

 

4.2.5.1 Historical Volatility of Natural Gas Spot Prices 

The so-called historical volatility is based on a time series of historical prices that is 

observable today. As the volatility is assumed to be variable over time, the moving window 

method is usually applied, meaning that the volatility is at least taken to be constant for a 

relatively short period of time (e.g. 20 to 60 days) and the volatility estimation at each point in 

time is, hence, based on the last 20 to 60 days’ observations only (in which the volatility is 

assumed to be constant). Obviously, the data set applied for each calculation moves together 

with the point in time for which the volatility is estimated – that is where the name moving 

window method stems from. (EYDELAND & WOLYNIEC, 2003, pp. 82-84) 



Derivatives in the Gas Industry  4 Overview of the Natural Gas Markets 

- 68 - 

Figure 4.7 depicts a comparison of the annualized spot price volatilities of natural gas (NG), 

electricity (PJM), a share index (Standard & Poor’s 500: SP500), and a foreign exchange rate 

(exchange rate USD to JPY: JPY). The moving window method with a window size of 60 

days was applied to generate the volatility estimates underlying these graphs. 

 

 
Figure 4.7: Comparison of Several Annualized Spot Price Volatilities 

(EYDELAND & WOLYNIEC, 2003, p. 86) 

 

It is obvious from Figure 4.7 that the volatility of energy spot prices is constantly and 

significantly higher compared to that of an average share index or a foreign exchange rate – 

this is true for the volatility of natural gas prices and, even more pronounced, for that of 

electricity prices. The reasons for these characteristics can be clearly linked to the spikiness 

and non-stationary behaviour of energy prices. 

 

Further, Figure 4.8 shows the annualized natural gas spot price volatilities for several other 

natural gas trading regions of the USA. The graphs were generated according to the same 

procedure as in Figure 4.7. 
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Figure 4.8: Annualized Volatilities of Natural Gas Spot Prices for Several 

Trading Regions of the USA (EYDELAND & WOLYNIEC, 2003, p. 87) 

 

As easily can be observed in Figure 4.8 the exceptional volatility structure of natural gas spot 

prices can be characterized as a general phenomenon on virtually any natural gas market 

(although the markets depicted in Figure 4.8 do of course not constitute an exhaustive 

overview) and, hence, does not exhibit an idiosyncratic behaviour of only one or a few 

markets. 

 

4.2.5.2 Implied Volatility of Natural Gas Forward Prices 

In contrast to the method of historical price volatility applied before, which was solely based 

on past price observations and did not feature the possibility to include information about 

future price behaviour, the method of so-called implied volatility offers a more forward-

looking perspective. 

 

The calculation of this measure has its starting point at the prices of options on the forward or 

futures contracts whose anticipated volatility is to be assessed. Subject to the lognormality 

condition, any option value can be described as a function of the price of the underlying 

(forward or futures price), the strike, the valuation date, the exercise date, the interest rate, 

and, finally, the volatility of the underlying. Obviously, the first five of the six parameters are 

all given or at least easily allocable. If one now inserts the current market quote of the option 

price as the option value, one can apply some standard technique, for example the Newton-
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Raphson-method, in order to calculated the last missing variable: the volatility of the 

underlying.  

 

Hence, the term implied volatility refers to the volatility measure that is implicitly given by 

the observable prices of options on the respective forward or futures contracts of interest. The 

calculation takes place by defining the anticipated implied volatility in a way that the 

calculated option value matches the market quote as exactly as possible. As the resulting 

implied volatility is heavily dependent on the current market quote of the option price, it may 

be characterized as information about the market opinion or the market participants’ opinion, 

respectively, regarding the future volatility of a certain derivative product. (HULL, 2006, pp. 

367-368) 

 

Unlike the high and sometimes unpredictable volatility of natural gas spot prices analyzed 

before, the forward prices’ volatility can be characterized as rather consistent in its behaviour. 

In the following the forward prices’ implied volatility structure in dependence on several 

parameters is discussed. In order to illustrate the relationships in the most comprehensible 

way, the analysis is conducted on the basis of several graphical representations of the implied 

volatility structure of natural gas forward or futures contracts, respectively. In particular, the 

effects on the implied volatility structure of (1) different contract valuation dates t, (2) various 

expiration dates T of the respective forward or futures contracts (settlement dates; equal to the 

expiration dates of the options used to define the implied volatility), and (3) changing strikes 

X of the options underlying the calculations
21

 are investigated. Note that in the general 

financial analysis the absolute time parameters under (1) and (2) are often combined to a 

single relative time measure: the time to expiration � = T � t . As we will see in the following 

this simplification, however, involves several shortcomings in the framework of energy 

contracts. Hence, its application is not feasible in this context. 

 

For investigative purposes Figure 4.9 depicts the implied volatility curves of a series of 

NYMEX natural gas futures with varying expiration dates T at two different contract 

valuation dates t (September 1998 and April 1999). 

 

                                                
21

 Note that typically at-the-money options are used in order to calculate the implied volatility structure of the 

corresponding forward or futures contract. Hence, the strike equals the current forward price. 
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Figure 4.9: Implied Volatility Curves of a Series of NYMEX Natural Gas 

Futures With Varying Expirations at two Different Valuation Dates (01 

September 1998 and 01 April 1999) (EYDELAND & WOLYNIEC, 2003, p. 90) 

 

Further, Figure 4.10 exhibits the implied volatility of a NYMEX natural gas futures contract 

as a function of its time to expiration � = T � t . Please note that the example is based on the 

November 2001 futures contract. 

 

 
Figure 4.10: Implied Volatility of a NYMEX Natural Gas Futures Contract 

as a Function of Time to Expiration (EYDELAND & WOLYNIEC, 2003, p. 91) 
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Finally, Figure 4.11 offers a three-dimensional depiction (volatility surface) of the implied 

volatility of NYMEX natural gas futures as a function of the absolute expiration date T of the 

respective contract and the relative moneyness M of the options used to define the implied 

volatility. 

 

 
Figure 4.11: Implied Volatility of NYMEX Natural Gas Futures as a Function of 

Expiration Date and Relative Moneyness (EYDELAND & WOLYNIEC, 2003, p. 93) 

 

Based on the graphs several conclusions regarding the implied volatility structure of forward 

or futures prices, respectively, can be drawn (EYDELAND & WOLYNIEC, 2003, pp. 88-93): 

• Seasonal structure of the implied volatility curve: The overall shape of the implied 

volatility curve of a certain contract exhibits a seasonal structure. It is dependent 

on the respective expiration date T and its seasonal position only. Thus, shifting 

the contract valuation date t does not (horizontally) shift the volatility curve in the 

same way, meaning that a volatility peak remains unchanged at a specific date 

even in case that the valuation date t is altered (e.g. comes closer). Note that 

although the relative position on the curve remains the same (e.g. a peak in 

February), the absolute value may exhibit changes. The stability of the curve’s 

seasonal structure and shape is mainly due to the stable seasonality of the 

underlying prices (see Figure 4.6, for example), which in turn is caused by 

specific supply, demand, and weather conditions (see Chapter 4.2.1 for details). 

This effect is especially pronounced for electricity forward contracts but – as 
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Figure 4.9 illustrates – it is also observable in the case of natural gas, although in a 

weaker form. 

• Samuelson effect: Figure 4.10 shows that the implied volatility of NYMEX 

natural gas futures is increasing the closer the contract’s expiration date comes 

(i.e. the shorter the time to expiration � = T � t  of the respective contract is). This 

observation is named Samuelson effect and can be detected for volatility 

structures of forward contracts in virtually any other market as well, though, it is 

particularly pronounced in all energy markets (SAMUELSON, 1965, pp. 45-46). 

• Complexity of the volatility structure: Obviously, the resulting implied volatility 

structure is autonomously dependent on both the absolute valuation date t 

(included in the time to expiration � = T � t  of the Samuelson effect) and the 

absolute expiration date T as well as its seasonal position (implicated by the 

volatility curve’s seasonal structure and also included in the time to expiration 

� = T � t  of the Samuelson effect). Hence, in order to analyse and describe the 

structure of the implied volatility as exactly as possible, it needs to be considered 

as a function of both absolute parameters t and T. The common simplification of 

considering the implied volatility as a function of the relative parameter time to 

expiration only (i.e. using � = T � t  as parameter instead of t and T separately) is 

likely to result in significant misevaluations in the framework of energy contracts. 

• Importance of the option’s moneyness (volatility smile): In addition to the 

valuation date t and the expiration date T another parameter needs to be taken into 

account in order to describe the implied volatility structure all-embracing: the 

moneyness M of the option that is applied to calculate the implied volatility, 

which is in turn determined by the option’s strike X in relation to the current 

forward or futures price F.
22

 As can be easily observed in Figure 4.11, the 

moneyness of the option used to estimate the implied volatility exhibits an 

enormous influence on the result. The three-dimensional surface of the depicted 

example shows a classic volatility smile (at least for the shorter times to 

expiration): The implied volatility is lowest for ATM options (M = 1) applied as 

basis for the calculation and higher for ITM (M > 1) and OTM (M < 1) options. 

Hence, the calculation of the implied volatility structure is heavily dependent on 

                                                
22

 Note that the term at-the-money (ATM) refers to call as well as put options whose strike X is close to the 

corresponding forward or futures price F, their moneyness M = 1. Out-of-the-money (OTM) call options:        

X > F, M < 1. OTM put options: X < F, M < 1. In-the-money (ITM) call options: X < F, M > 1. ITM put 

options: X > F, M > 1. (cf. FUSARO, 1998, p. 25; HULL, 2006, p. 235) 
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the moneyness of the applied options. Taking this influence into account is a very 

important issue when defining and evaluating implied volatilities. This may be 

achieved by either coherently using options of the same moneyness for the 

calculations (in general implied volatilities of forward or futures contracts are 

calculated on the basis of ATM options) or by consequently depicting a three-

dimensional implied volatility surface that features ITM, OTM, as well as ATM 

options (as that in Figure 4.11, for example). 

 

Finally an important connection between implied volatilities and the distribution of prices in 

the energy markets needs to be stated. As it was shown in the preceding argumentation, 

applying market quotes of options with various strikes for the calculation of the implied 

volatility of a certain forward or futures contract does commonly not yield to constant implied 

volatilities in the context of natural gas markets. This in turn clearly argues for the non-

lognormal distribution of the underlying natural gas prices (see Chapter 4.2.2 for further 

details). Because in case of a lognormal distribution of the market prices the calculated 

implied volatility would be constant, irrespective of the strike of the option, on which the 

calculation is based.
23

 (EYDELAND & WOLYNIEC, 2003, p. 94) 

 

4.3 Conclusion 

The aim of the preceding chapter was to present the growing importance of natural gas in the 

worldwide energy balance as well as its changing scope of application from a fuel massively 

used for heating purposes to an important component of electricity generation. Natural gas is 

on its way of becoming the dominant fuel type of the next decades, as renewable energy 

sources currently do not have the capacity of entirely satisfying the worldwide energy 

demands and natural gas constitutes the cleanest and most efficient alternative today. Further, 

the spot and forward price characteristics of natural gas as well as the underlying supply- and 

demand-influencing factors were analyzed. As will be clarified in the following chapter, the 

seasonalities inherent in natural gas spot as well as forward prices represent the foundation of 

the business and, hence, the principal raison d’être of natural gas storage facilities, which will 

be the main topic in the further course of this thesis. 

                                                
23

 Please note that this statement assumes the Black option pricing formula to be applied for pricing options on 

forward or futures contracts and, hence, for estimating the respective implied volatility structure. The Black 

option pricing formula assumes the underlying forward or futures prices to be lognormally distributed with a 

constant volatility parameter �. 
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5 Gas Storage 

The ability to make use of modern technologies in order to store huge amounts of natural gas 

or oil, for instance, creates another option-like structure in the world of commodities. 

Moreover, storage of commodities probably even constitutes the most complicated construct 

that can be found in the energy markets with inherent complexities that even exceed those of 

electricity generation. As the structure itself is of a complicated and challenging character it is 

no surprise that valuation and hedging constitutes an even more demanding task. 

 

The following chapter is exclusively concerned with the characteristics and idiosyncrasies of 

natural gas storage facilities as well as with valuation methodologies that are able to cope 

with the complexities inherent in those structures. Therefore, the chapter is split into three 

distinctive parts, in which the necessary knowledge for natural gas storage valuation is 

successively introduced and discussed. The first part analyses the general functions, 

characteristics, and restrictions that are typical for all natural gas storage facilities. Moreover, 

the various technically different storage types are shortly presented and the arising 

optionalities are discussed. In the second part the three basic valuation methodologies are 

presented in line with a short analysis of their similarities and differences. This section starts 

with the simplest valuation and optimization strategy, which capitalizes only a fraction of the 

value generating potential of a storage facility, and proceeds up to complex stochastic 

dynamic programming approaches that are able to discover the maximum optimal values and 

accompanying operating strategies for any natural gas storage facility, however, at the 

expense of mathematical simplicity. In the final part of this chapter the probably most feasible 

methodology for valuing natural gas storage facilities is analysed in detail: multistage 

stochastic linear programming. This approach exhibits a promising balance between 

mathematical meticulousness and computational efficiency. In this context the explicit 

optimization problem for natural gas storage facilities is designed and the necessary steps for 

its solution are discussed. Afterwards, the chapter at hand is completed with an investigation 

of possible hurdles in implementing the proposed methodology to the problem. 

 

5.1 Characteristics of Gas Storage 

Probably the easiest way of describing storage facilities and their application may be to 

illustrate them with the help of a time machine metaphor: The existence of storage facilities 
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establishes the unique possibility of shifting a production capacity from one point in time to 

another what in turn enables the operator to smooth its supply response to demand 

fluctuations (EYDELAND & WOLYNIEC, 2003, p. 351). The following example of the natural 

gas markets clarifies the picture we have just painted. Figure 5.1 depicts the highly fluctuating 

natural gas demand of the USA (solid blue line) in comparison with the relatively stable 

supply base of natural gas resulting from own production as well as imports (solid green line). 

Obviously, situations do exist, in which the demand for natural gas clearly exceeds the supply 

(usually in winter months), and others, in which the opposite is true (usually in summer 

months). Due to the availability of storage facilities it is possible to shift the summer excess 

supply of natural gas into the winter months, where it meets the high winter demand 

(OECD/IEA, 2007b, pp. 69-70). This in turn helps to keep the fluctuations of natural gas 

prices at a moderate level compared to other commodities like, for instance, electricity, which 

do not feature feasible storage possibilities. 

 

 
Figure 5.1: Comparison of US Natural Gas Demand and Supply Levels 1999-2007 Based on EIA 

Data (ENERGY ANALYTICS, 2007) 

 

According to the aim of shifting excess summer demand into the winter months, the major 

injections of natural gas into storage facilities take place in the summer months (usually at a 

comparatively low summer price) while the stored natural gas is subsequently withdrawn and 

sold in the winter half year (usually at a higher winter price). Figure 5.2 clearly depicts the 

consistency of this injection and withdrawal behaviour over several years. 
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Figure 5.2: North American Monthly Natural Gas Storage Injection and Withdrawal Rates 

2004-2006 (NRCAN, 2006a, p. 22) 

 

As the demand for natural gas is comparatively high in the winter and low in the summer, its 

prices tend to be high in winter months and low in summer months according to the described 

seasonal demand patterns. But as already mentioned before the seasonal price differentials on 

the gas markets are much smaller compared to the electricity markets. This is partly due to the 

availability of relatively cheap capacities of production shifting by applying storage facilities; 

what in turn is directly guiding the discussion at hand to the main functions of storage 

facilities.  

 

5.1.1 Main Functions of Gas Storage 

The first and already touched function is often referred to as seasonal cycling and describes – 

retaining the example of the natural gas markets – the shift of cheap but unused summer 

production capacity into the winter months at relatively low costs. Thus, the operator gains 

the ability of balancing supply and demand as well as exploiting seasonal price differentials 

between summer and winter gas prices (exploitation of the summer/winter spread of natural 

gas prices). At the same time storage activities help to mitigate price fluctuations between 

high- and low-price periods. (THOMPSON ET AL., n.d., p. 4) 
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Peaking service or peaking deliverability may be mentioned as the second main use of gas 

storage facilities that constitutes another important economic driver behind the development 

of this kind of facilities. Peaking service describes the ability of storage facilities to respond 

immediately to changing demand conditions and, hence, controlling the peaking demand. This 

is especially important as the demand for natural gas during the winter months exhibits 

extraordinarily high volatilities. Swing optionalities (i.e. flexible demand in a certain range) 

embedded in contracts sold to customers determine another source for demand fluctuations, 

which are particularly satisfied by storage facilities with high deliverability rates as, for 

instance, salt caverns (GEMAN, 2005, p. 306). Furthermore, the existence of a fast-turning 

storage facility renders the need for fast and highly flexible production facilities redundant as 

one becomes able to react on demand fluctuations by releasing a higher amount of gas out of 

the storage facility instead of altering the production itself. Moreover, investing in fast and 

flexible storage facilities instead of in a highly flexible production may yield to huge cost 

savings for the operator. 

 

The last function of storage facilities that needs to be addressed in this context is of a more 

technical nature. In the case of technical dysfunctions, for instance leaks in the pipeline 

system, bottlenecks in the supply of natural gas may appear. In such situations the existence 

of storage facilities embedded in the gas supply network may be of great help in order to 

retain regular supply conditions. Storage facilities thus act as a kind of balancing service. 

(EYDELAND & WOLYNIEC, 2003, p. 351; FEDERAL ENERGY REGULATORY COMMISSION 

[FERC], 2004, p. 4) 

 

5.1.2 Types of Gas Storage Facilities 

In practice, several types of gas storage facilities do exist which are mainly distinguishable 

from each other due to their technical characteristics. Aquifers consist of water-bearing 

sedimentary rock, in which natural gas is injected, covered with impermeable cap rock. The 

most frequent form of underground storage is constituted by depleted reservoirs (depleted 

natural gas fields or oil fields), which describe rock formations that inherently satisfy the 

needed porosity, permeability, as well as retention characteristics. Lastly, the storage ability 

of salt caverns is developed by the injection of water into a salt formation, thus, dissolving the 

salt and creating a cavern that fulfils the storage requirements. Compared to the other storage 

types, salt caverns exhibit extraordinarily high injection and withdrawal rates and are, hence, 
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able to feature several inventory turns per season or sometimes even daily cycling and to 

supply the growing gas-fired electricity generation market with its need for gas supply at short 

notice. In contrast, the other two storage types are usually turned over only once a year due to 

their low injection and withdrawal rates (injection from April to October, withdrawal from 

November to March; see Figure 5.2). (EIA, 2006, p. 7; FERC, 2004, pp. 4-5) 

 

Table 5.1 depicts an overview of the most important types of natural gas storage facilities, 

their technical idiosyncrasies, as well as respective major fields of use according to the 

functional differentiation described in the previous section. 

 

Facility 
Type 

Share of all 
Storage 
Facilities (in the 
USA, referring to 
total capacity) 

General Features Injection 
Time 
(empty to 
full 
capacity) 

Withdraw
al Time 
(full 
capacity to 
empty) 

Operating 
Costs 

Main 
Function 

Aquifers 10.0% • Low turnover rate 
• High capacity 

200-250 
days 

100-150 
days 

• High 
• Some fuel 

losses 

Seasonal 
cycling 

Depleted 
reservoirs 

85.7% • Low turnover rate 
• High capacity 

200-250 
days 

100-150 
days 

• High 
• Some fuel 

losses 

Seasonal 
cycling 

Salt 
caverns 

4.3% • High turnover rate 
(up to 12 inventory 
turns per year) 

• Low capacity 

20-40 
days 

10-20 
days 

• Low 
• Minimal 

fuel losses 

Balancing 
and 
peaking 
service 

Pipelines • Although no storage facility in the strict sense, huge amounts of natural gas remain 
in the pipeline network at all times 

• Wide variety of operational characteristics 

Balancing 
and 
peaking 
service 

Table 5.1: Types of Natural Gas Storage Facilities (own depiction; data retrieved from EIA, 2006, 

p. 3; EYDELAND & WOLYNIEC, 2003, p. 353; FERC, 2004, pp. 4-7) 

 

5.1.3 Idiosyncrasies and Restrictions 

On the operational side six main characteristics describe any particular storage facility. All six 

are important and need to be taken into account for valuation purposes, while the first four 

have an impact that needs to be characterized as considerably larger compared to the latter 

two (EYDELAND & WOLYNIEC, 2003, pp. 352-353): 
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• The maximal volume of a particular facility is denoted as its capacity or total 

capacity.
24

 In the case of natural gas it is usually measured in Bcf (while 1 Bcf � 

1,000,000 MMBtu). 

• Usually, the operator cannot take out as much natural gas as he would like to at 

one point in time, but he is restricted to the withdrawal rate of the respective 

facility. This restriction is often referred to in the form of a withdrawal daily 

quantity (WDQ), which describes the maximum amount of natural gas in MMBtu 

that can be released per day. An alternative way of measurement expresses the 

withdrawal rate as percentage of the total capacity per month. 

• Analogously to the withdrawal rate also a measure of the maximum injection of 

natural gas into the facility per day exists. It is called the injection rate and is 

often referred to in the form of an injection daily quantity (IDQ) in MMBtu per 

day. In the framework of natural gas injection an alternative way of measurement 

may be used as well, which expresses the injection rate as percentage of the total 

capacity per month. 

• Especially in terms of valuation purposes it is considerably important to note that 

a facility’s ratchets (alterations between different volumes of injection and 

withdrawal), WDQs, as well as IDQs are not completely autonomous, but 

dependent on the current inventory level of the respective facility. 

This means that the injection as well as withdrawal rate of a particular natural gas 

storage facility depends on the amount of natural gas currently in storage. A high 

inventory level implies a high pressure in storage and, hence, a slowdown of 

injections and an acceleration of withdrawals. Low current inventory levels 

coincide with a low pressure in storage and the opposite effects on injections and 

withdrawals. (GEMAN, 2005, p. 305; THOMPSON ET AL., n.d., p. 2) 

• By injecting or withdrawing natural gas into or out of a facility, respectively, costs 

for pumping and transportation incur. Those are usually referred to as unit 

injection and withdrawal costs. 

                                                
24

 Please note that most storage facilities require a certain amount of base gas or cushion gas as permanent 

inventory (i.e. it is never withdrawn) in order to maintain an adequate pressure and delivery rate. In contrast, a 

storage facility’s working gas capacity refers to the volume of natural gas that is available to the marketplace 

(i.e. can be withdrawn). In the strict sense a storage facility’s total capacity, hence, is constituted by the sum 

of its base gas and working gas capacities. However, for storage valuation purposes solely the working gas 

capacity is relevant, thus, in the framework of this thesis the terms capacity as well as total capacity refer to a 

facility’s working gas capacity only (i.e. it is always referred to the amount of natural gas that is available to 

the marketplace). A facility’s permanent inventory (base gas) is consequently ignored as it cannot be 

withdrawn and sold to the marketplace. (EIA, 2001, p. 3; THOMPSON ET AL., n.d., p. 2) 
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• Due to technical limitations there may be relatively small losses of natural gas 

while the process of injection or withdrawal takes place. Those are called fuel 

injection and withdrawal losses. 

 

All of the above constitute important determinants of the operational flexibility of a given 

storage facility and – as a higher flexibility on the operational side also results in a higher 

number of inherent optionalities – have a major impact on the value of the respective facility. 

 

5.1.4 Optionalities Inherent in Gas Storage 

Based on the above description of the general operating mode of a natural gas storage facility, 

its basic idea of extracting value due to the seasonal fluctuations of natural gas prices, as well 

as its technical idiosyncrasies and restrictions, several optionalities and operational constraints 

regarding the operation of natural gas storage facilities are constituted. In the following 

section these properties are verbally described before analysing suitable mathematical 

valuation methodologies. 

 

With special regard to the storage types of depleted reservoirs and aquifers, which are usually 

limited to only one turnover per year due to their frequently low injection and withdrawal 

rates, natural gas storage can be characterized as an option on a seasonal spread. In the case 

of salt caverns the optionality may be extended to options on spreads within a season, a single 

month, or even a single day due to their partially very high deliverability compared to the 

other storage types. In all cases the price of natural gas clearly constitutes the underlying of 

the option. 

 

In addition to the basic optionalities described above, further ones are constituted by the 

ability to conduct (unplanned) switches between the injection and withdrawal mode according 

to current market conditions, the possibility to adjust the timing of hedges in the forward 

market (for details see the subsequent valuation section), as well as the option of delivering to 

multiple pipelines (i.e. the optionality of a certain storage facility and, hence, its value is the 

higher, the more pipelines it is able to deliver to as it gains the ability to interact with multiple 

markets). (GEMAN, 2005, p. 305) 
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In contrast, the inherent optionalities of a natural gas storage facility are limited by its 

technical restrictions, particularly by the limitations due to the amounts of its injection as well 

as withdrawal rates and their dependence on the current inventory level. Further, due to so-

called take-or-pay provisions in the supply contracts of a certain gas storage facility, natural 

gas may have to be bought and injected to the storage even under unprofitable market 

conditions (GEMAN, 2005, p. 305). Due to the complexity of its mostly technical restrictions, 

the valuation of natural gas storage facilities involves equations of a parabolic and hyperbolic 

nature, which in turn significantly complicate the solution procedure (THOMPSON ET AL., n.d., 

p. 5). 

 

Further, natural gas storage facilities exhibit unique opportunity cost structures that render 

their valuation a challenging undertaking. When an amount of natural gas is withdrawn from 

storage not only the possibility of releasing that natural gas at a future point in time (and 

probably at a higher price) is forgone, moreover the deliverability of the remaining natural gas 

in storage is decreased as well (i.e. the maximum withdrawal rate is decreased due to a lower 

pressure in storage). This also holds in a similar way for injections: When natural gas is 

injected into the storage facility, on the one hand, the free volume for future injections is 

decreased (which could probably be conducted at a lower price) and, on the other hand, the 

maximum injection rate relevant for future injections is decreased due to the higher pressure 

in storage. In conclusion, the opportunity costs and, hence, the exercise price or operating 

decision, respectively, vary nonlinearly with the current inventory level of the respective 

storage facility. (THOMPSON ET AL., n.d., p. 5) 

 

5.2 Valuation Methods 

Regarding the valuation process of natural gas storage facilities several alternative methods 

are in existence. All of them exhibit individual advantages as well as disadvantages in terms 

of their practicability, accuracy, and the like. The following section provides an overview of 

the most important valuation methods and discusses their applicability to the purpose at hand. 

 

There are three different approaches that are highlighted in this section: 

• Forward/futures static optimization 

• Forward/futures dynamic optimization 

• Stochastic dynamic programming 
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5.2.1 Forward/Futures Static Optimization 

The most intuitive of the discussed methods is constituted by the so-called forward/futures 

static optimization. In this framework the operator solely focuses on the current forward or 

futures prices and the constraints of the respective storage facility in order to decide about the 

optimal injection and withdrawal schedules. 

 

The easiest way of clarifying this approach is with the help of an example. Imagine that the 

forward/futures price (or rather the discounted forward/futures price to obtain a more realistic 

valuation from today’s viewpoint) of natural gas is – as it was already mentioned before – 

around 25% higher in the winter compared to the summer. Hence, the operator of a storage 

facility for natural gas may exploit this price differential in order to make a profit by buying 

natural gas at a comparatively low rate in the summer and selling it in the winter when prices 

have moved up. Although this strategy works with spot prices as well as with the use of 

forward/futures contracts, we will discuss the latter method in the following paragraph as it is 

the alternative with less risks involved (particularly price uncertainties) and due to its easiness 

regarding the determination of the price differential between summer and winter in advance 

(lock-in of the calendar spread). 

 

Assuming that the facility is completely empty at the beginning of the year, the operator 

firstly needs to calculate – based on the specific IDQ of the facility – how many months it will 

take to fill the storage up to its maximum capacity. Afterwards, the strategy of forward/futures 

static optimization implies to simply determine the month(s) in summer in which natural gas 

is cheapest (according to the number of months needed to fill the facility completely) and sign 

the respective forward/futures contract(s) to fill the storage facility with natural gas at the 

lowest possible prices. Further, the operator also needs to calculate how long it will take to 

release all the natural gas for selling purposes based on the individual WDQ of the facility. 

Finally, the operator needs to determine the best month(s) for selling the stored natural gas by 

comparing the forward/futures prices and sign the respective contract(s). Obviously, the 

buying/injection months need to be strictly in advance of the selling/withdrawal months in the 

case of only one turnover per year. (EYDELAND & WOLYNIEC, 2003, pp. 355-356) 

 

Table 5.2 presents a practical example of the optimization process described above. It is 

assumed that it takes 3 months to fill the storage facility entirely and 2 months to release the 
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stored natural gas.
25

 Thus, regarding the time period ranging from April 2008 to March 2009 

the optimal strategy based on the discounted NYMEX natural gas futures prices is to inject 

natural gas up to full capacity from April to June 2008 (highlighted in green), when the lowest 

of all futures prices of the investigated time period are observable. On the withdrawal or 

selling side the operator needs to sign futures contracts for January and February 2009 

(highlighted in yellow) in order to benefit from the highest prices of the investigated period. 

Hence, the operator is able to exploit the spread – more specifically the calendar spread – 

between summer and winter prices of natural gas. Additionally, Table 5.2 also depicts a 

graphical illustration of the seasonal fluctuation of natural gas futures prices. 

 

 
Table 5.2: Forward/Futures Static Optimization – One Turn Example (own depiction; following EYDELAND 

& WOLYNIEC, 2003, pp. 355-356; data retrieved from NYMEX, 2006; BLOOMBERG, 2007) 

 

In the preceding example the optimal strategy was characterized by only one turn of the 

storage facility’s inventory. As Table 5.3 depicts the situation of turning the inventory more 

than once may also occur depending on the shape of the forward or futures curve. As easily 

can be seen in the graph depicted on the right-hand side of Table 5.3 the futures curve of this 

example shows two local maxima (the first in July 2008, the second in January 2009). Thus, a 

strategy with multiple turnovers of the inventory becomes feasible for the operator. Here, 

natural gas is injected from April to June 2008 and from August to mid September 2008 (4.5 

months; highlighted in green), whereas the withdrawal months are July 2008 as well as 

                                                
25

 For the sake of illustration the example at hand features some simplifications. While the given time 

expenditures for injection and withdrawal are close to reality, other technical constraints, e.g. the dependence 

of IDQ and WDQ on the current inventory of the facility, were ignored. Obviously, for a real valuation all 

constraints need to be incorporated. 
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January and February 2009 (3 months; highlighted in yellow).
26

 Further, it is highly important 

to note that this very different situation compared to the preceding example was generated by 

modifying only one futures price (that of July 2008). 

 

 
Table 5.3: Forward/Futures Static Optimization – Multiple Turn Example (own depiction; following 

EYDELAND & WOLYNIEC, 2003, pp. 356-357; data retrieved from NYMEX, 2006; BLOOMBERG, 2007) 

 

Formally, the value of the forward/futures static optimization strategy at time t (beginning of 

the investigated time period), which equals the intrinsic value of the respective storage 

facility, can be described in the following way (following EYDELAND & WOLYNIEC, 2003, pp. 

356-357): 

 

Vt
static (F t ) = max

C 
< F t ,C >  =  Ft

iCi

i

�
� 
� 

 

� 
� 
 

s.t.

(1)  �
i�0

 � IDQ � ni � Ci �WDQ � ni

(2) �
j�1

 �Ci � TC
i= 0

j
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26

 The ratio of injection to withdrawal times of 1.5/1.0 (4.5 months injection to 3 months withdrawal time in this 

example) needs to be considered in order to meet the established assumptions and to exit the period with an 

empty facility. 
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While F t , the vector of (discounted)
27

 forward/futures prices at time t, is given for the 

operator, he is entirely free in the choice of the volume Ci of gas injected (negative Ci values) 

or withdrawn (positive Ci values) in each respective month I what in turn constitutes the 

vector C . The optimal forward/futures value of the storage facility is obtained by choosing C  

in a way that maximizes the difference of all positive withdrawal revenues (i.e. selling natural 

gas) over all negative injection costs (i.e. buying natural gas).
28

 Further, the additional 

constraint under (1) takes into account that the respective volume of gas moved in month I is 

bounded by the maximum injection as well as withdrawal constraints of the facility in 

question.
29

 Finally, the constraint under (2) refers to the fact that the sum of all injections and 

withdrawals necessarily needs to be smaller than the total storage capacity TC of the 

respective facility.
30

 In view of the equation above it is easily observable that the storage 

facility’s value by applying forward/futures static optimization is a convex function of the 

respective forward/futures prices. (EYDELAND & WOLYNIEC, 2003, p. 357) 

 

The described examples as well as the equation depicted above present the valuation of a 

storage facility for natural gas by applying forward/futures static optimization in its simplest 

way. In the case at hand the resulting optimization may be characterized as a straightforward 

and easy to handle linear programme. If needed, further additional constraints (e.g. minimum 

inventory, initial and final inventory, negative inventory options, etc.) may be incorporated, 

most of them without changing the simple linear nature of the optimization. However, there 

are also a few other constraints like ratchets or IDQ/WDQ dependent on the current inventory 

level that may introduce nonlinearities to the optimization problem at hand. (EYDELAND & 

WOLYNIEC, 2003, p. 357) 

 

 

                                                
27

 Please note that the above equation does not take discounting of the forward or futures prices into account 

explicitly. In order to obtain a realistic valuation from today’s viewpoint it is, hence, firstly necessary to 

discount the respective forward or futures prices. Afterwards they can be applied to the above equation. 

28
 Note that Ci, the volume of gas moved in month I, is negative for injections and positive for withdrawal 

operations. This particular definition is necessary in order to take injections (i.e. buying natural gas) into 

account as costs and withdrawals (i.e. selling natural gas) as revenues. Thus, the viewpoint of the operator is 

reflected appropriately. 

29
 As ni denotes the number of days in month I, IDQ � ni reflects the monthly maximum injections, whereas 

WDQ � ni describes the monthly maximum withdrawals. 

30
 Due to the definition of injections as negative Ci values and withdrawals as positive Ci values, it is necessary 

to change the algebraic sign of each single Ci value by including an additional minus sign in the summation in 

order to depict the relationship correctly. 
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5.2.2 Forward/Futures Dynamic Optimization 

The next optimization method in consideration is the so-called forward/futures dynamic 

optimization or spread option optimization, which is based on the forward/futures static 

optimization discussed above. As we have seen in the preceding examples the strategy of the 

storage facility operator has dramatically changed due to the alteration of only one of the 

futures prices (moving from the example depicted in Table 5.2 to that in Table 5.3); while the 

optimal value of the storage facility has obviously increased as well, since the operator was 

able to turn additional volumes of natural gas in the second example compared to that before. 

 

Based on those considerations it seems plausible for a forward/futures optimization strategy, 

which features dynamic adaptations of the own contractual position, to yield to an even larger 

increase of the optimal value of the storage facility in question. As a first step the 

forward/futures dynamic optimization thus includes entering into forward/futures positions 

determined by an optimal injection/withdrawal schedule for the respective facility, which is 

completely similar to that of the static approach described in the preceding section; meaning 

that the volumes of natural gas moved in each month are set at the beginning of the 

investigated time period based on the forward/futures curve known at this point in time. The 

difference between the static and the dynamic approach becomes obvious in the second step, 

in which the forward/futures dynamic optimization features the readjustment of the operator’s 

position in the case that the forward/futures price structure changes in a favourable way. As 

the operator’s position is only altered if the forward/futures price structure changes may yield 

to additional revenues,
31

 the forward/futures dynamic optimization can be characterized as an 

option position, therefore always offering a positive value compared to the static approach 

described in the previous section. (EYDELAND & WOLYNIEC, 2003, pp. 359-360) 

 

As for any other option type the value of a natural gas storage facility according to 

forward/futures dynamic optimization is dependent on the variability of the underlying, which 

is represented by the structure of the forward/futures curve in this case. The latter is again 

determined by the volatility of the individual contracts that as a whole constitute the forward 

or futures curve, respectively, as well as the correlations between them. In conclusion, the 

value of the option inherent in the forward/futures dynamic optimization of a natural gas 

                                                
31

 In the case that all forward/futures price structure changes can be characterized as unfavourable from the 

operator’s viewpoint (meaning that the values of the calendar spreads are decreasing), the forward/futures 

dynamic optimization features no future alterations of the operator’s position after the outset of the strategy. 

Hence, the dynamic approach matches the static one exactly. 
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storage facility is the higher, the higher the volatility of the individual contracts is and the 

lower the correlations among them are (EYDELAND & WOLYNIEC, 2003, p. 360; HULL, 2006, 

p. 259). 

 

Compared to the determination of the optimal exercise decisions at the respective (future) 

points in time, which may be described as a rather simple task as it is analogous to the 

proceedings included in a forward/futures static optimization but with continuous repetition, 

the valuation of the option at the outset of the strategy is highly complex and computationally 

expensive due to the need for numerous reoptimizations. Formally, the following equation 

depicts the value of a natural gas storage facility at time t (start of the investigated time 

period) following the approach of forward/futures dynamic optimization (following 

EYDELAND & WOLYNIEC, 2003, p. 360): 

 

Vt
dynamic

= Vt
static (F t ) + Et

* max Vi
static (F i) �Vi�1

static (F i�1),0[ ]
i= t +1

T

�
� 
� 
� 

� 
� 
� 

 

 

From the above equation it is easily observable that the value of a natural gas storage facility 

according to forward/futures dynamic optimization is constituted by two fundamental 

components. The “basic value” of the storage facility in question is equal to the value Vt
static  

determined by the forward/futures static optimization approach (for details please refer to 

Chapter 5.2.1). This value component is depicted by the first part of the right-hand side of the 

equation above and constitutes the total value of the storage facility alone, if all expected 

movements of the forward or futures curve, respectively, can be characterized as unfavourable 

from the operator’s viewpoint. The second component of the equation’s right-hand side 

represents the additional value, which is generated by the option-like possibility of 

dynamically reconfiguring the operator’s position. It may be described as the optimal 

expected value (at the outset of the strategy at time t) of the sum of all favourable changes 

(�V > 0) of the storage facility’s static value due to favourable movements of the underlying 

forward/futures curve at future points in time i ( t +1� i � T ). The fact that the strategy at hand 

does not account for unfavourable movements (�V � 0) of the forward/futures curve is 

allowed for by the second part of the maximization term, which is zero, meaning that in those 

situations the final value is not influenced. 
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It is important to highlight that the above equation covers the optionality of dynamically 

changing the operator’s position if favourable shifts of the forward/futures curve occur and, 

hence, usually results in a higher value of the storage facility in question compared to the 

static approach discussed so far (except for the situation that the forward/futures curve shifts 

in an unfavourable way only). The difference between the facility’s static value (intrinsic 

value) and its value in the framework of this dynamic approach can be characterized as an 

additional time value due to the coverage of the optionality described above. In practice, this 

time value may range from 1 or 2% to multiples of the intrinsic value. According to 

EYDELAND and WOLYNIEC (2003, p. 362) the main drivers behind this value difference are 

threefold: 

• The flatter the shape of the forward/futures curve is, the greater is the potential for 

relative increases in a facility’s total value due to considering the time value of its 

inherent optionalities. 

• Further, the relative increase in total value is the higher, the higher the volatilities 

of and the lower the correlation levels between the respective forward or futures 

contracts are. 

• Finally, a greater operational flexibility of the respective storage facility in the 

form of, for example, higher IDQ and WDQ rates (i.e. a higher turnover potential) 

generally not only results in an increase of its intrinsic value, but also in a higher 

relative increase of the facility’s additional time value. 

 

The above equation also points out that the optimal value of a natural gas storage facility 

according to forward/futures dynamic optimization may be generally described as a portfolio 

of complex spread options with the values of the spreads being based on risk-neutral 

expectations. In order to solve this valuation problem the most direct and probably also most 

intuitive way is that of using Monte Carlo simulation. Thus, several thousand paths of the 

forward or futures curve evolution, respectively, are generated based on appropriate models, 

which need to reflect the characteristics of the real evolution. Further, the optimal exercise for 

every path and at every time step is evaluated. Finally, the average of all the resulting single 

payoffs represents an appropriate valuation of the gas storage facility in question. (EYDELAND 

& WOLYNIEC, 2003, p. 360) 

 

Obviously, the simulation of several thousand paths of forward/futures curve evolutions takes 

a significant amount of time and may be described as computationally highly expensive. 
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Thus, several approximate methodologies have been developed, which are based on the basic 

ideas of the forward/futures dynamic optimization approach. While those are able to perform 

the valuation faster and at lower computational costs, they are also featuring several 

disadvantages like the underestimation of the true facility’s value as the most prominent 

example. As the mentioned approximate methodologies are all based on the described 

forward/futures dynamic optimization approach and are not relevant for the following course 

of argumentation, a detailed description is abandoned in the context of this thesis.
32

 

 

Finally, please note that both the formulations of the valuation problem according to the static 

as well as the dynamic approach would also have been possible relative to given spreads 

instead of given months (i.e. application of C as injection/withdrawal variable for a given 

spread instead of a given month). As this procedure is less intuitive compared to that 

presented here, its depiction was omitted in the framework of this thesis. Please refer to 

EYDELAND and WOLYNIEC, 2003, pp. 357-359 and 360-364 for further details. 

 

5.2.3 Stochastic Dynamic Programming 

The following section provides a short general introduction to the third kind of valuation 

approach applicable to natural gas storage facilities. It is concerned with the basic principles 

of the stochastic dynamic programming approach only as the following chapter discusses a 

specific sub-methodology, which has proved to be particularly appropriate to the valuation of 

contracts that feature swing-related optionalities, in more detail. 

 

In contrast and as an alternative to the previously described forward/futures optimization 

approaches, stochastic dynamic programming works analogously to the valuation of a 

multiperiod swing option and is based on the direct modelling of the spot process of the 

respective underlying, possibly combined with a calibration to the actual forward prices in 

order to include market behaviours as well as expectations appropriately. The valuation 

procedure not only results in an optimal value of the natural gas storage facility in question 

but also provides a discrete optimal exercise schedule with regard to the storage or inventory 

flows, respectively, at least until the first node (the first valuation period) of the applied 

                                                
32

 For a detailed analysis as well as mathematical documentation of common approximate methodologies of the 

forward/futures dynamic optimization please refer to EYDELAND and WOLYNIEC, 2003, pp. 360-364. 
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scenario tree. (EYDELAND & WOLYNIEC, 2003, p. 365; FRAUENDORFER & SCHWENDENER, 

2007) 

 

Formally, the general stochastic dynamic programming approach can be described by the 

following Bellman equation together with the accompanying restrictions (following 

EYDELAND & WOLYNIEC, 2003, p. 366): 

 

Vt
SDP (It ) = max CFt (Ct ,St ) + e	r dt Et Vt +1

SDP (It +1)[ ]{ }

s.t.

(1) 	 IDQ � Ct �WDQ

(2) It 	Ct = It +1

(3) �
t

 0 � It � TC

(4) IT = 0

(5) CFt (Ct ,St ) = CtSt

 

 

In addition, the accompanying price process model, according to which the underlying natural 

gas spot price evolution is modelled, needs to be specified (below an unspecified general 

example of a price process model is depicted for illustrative purposes): 

 

dSt = �(St ,t) dt + � (St ,t) dW  

 

The above equation includes the inventory level at time t as It, the amount of natural gas in- 

(as negative value) or outflow (as positive value) in any given period as Ct, and the natural 

gas spot price at time t as St. According to the above equation the optimal value of the natural 

gas storage facility in question can be described as the maximum (implicates an optimal 

strategy) of the respective cash flow CF at time t plus the discounted today’s expectation of 

the facility’s value at time t+1. As the value of the facility at time t+1 is again constituted by 

the sum of the cash flow at time t+1 plus the expectation about the facility’s value at time t+2, 

the overall value is basically determined by the sum of a strip of discounted expected future 

cash flows. Thus, the most plausible way of solving this valuation problem is obviously by 

backward induction.  

 

Note that a valuation problem solved according to the stochastic dynamic programming 

methodology needs to satisfy a couple of constraints even in its most basic form as it is 
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depicted above. By extending the valuation problem by further constraints imposed due to 

technical restrictions of the respective facility, for instance, its complexity may rapidly be 

multiplied. Another important hurdle is constituted by the choice of the underlying process 

model for the natural gas price evolution, where it is crucial to find the right balance between 

practicability and meticulousness. For a detailed analysis of the feasibility of several price 

process models please refer to Chapter 2 of this thesis. 

 

(1) Assuming that a period is defined as one day the first of the above constraints ensures that 

the daily inflow does not exceed the specific IDQ of the respective natural gas storage facility 

as well as that the WDQ is respected in case of withdrawals. (2) The second constraint 

specifies that the inventory level I of the facility can only be changed by the flow C. Thus, 

tomorrow’s inventory level It+1 is defined as today’s inventory It minus the current flow Ct.
33

 

(3) The third constraint sets the overall capacity restrictions of the respective natural gas 

storage facility: At all times the inventory level It cannot be smaller than zero or higher than 

the total capacity TC of the facility. (4) The next constraint defines that the facility needs to be 

empty at the end of the term. Note, that this constraint is not necessary in each case as it 

reflects a clear limitation regarding the duration of the respective contract. In reality contracts 

with indefinite or not clearly defined durations may exist as well. (5) Constraint number five 

specifies the cash flow function, which – in the simplest case – is clearly the natural gas spot 

price multiplied by the amount moved. In reality additional technical restrictions (e.g. 

injection and withdrawal costs) may extend the cash flow function to a more complex type. 

 

For the sake of completeness it is important to note that the above equation shows only one 

out of a wide range of alternatives of mathematically formulating the problem at hand. For 

instance, GEMAN (2005, p. 306) proposes the following equation in order to describe the value 

of a natural gas storage facility: 

 

V0 = max E (It 	 It +1) St  e
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33

 As already stated before Ct, the amount of natural gas flow in any given period (e.g. day), is defined as 

negative for injections and positive for withdrawal operations in order to reflect the operator’s viewpoint in 

terms of cash flows appropriately. Hence, it is necessary to subtract the current flow Ct from the current 

inventory level It to receive the new inventory level It+1. 
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The depiction of the associated constraints is omitted in this example, as they closely 

resemble those given above. At first sight this equation may seem quite different to that 

before, however, after a short transformation it is obvious that in fact it is not: As the term 

(It � It +1) equates to the injection and withdrawal variable Ct of the previous formulation (see 

constraint (2): It �Ct = It +1 � It � It +1 = Ct ), the product (It � It +1) St  is basically identical to 

the previous equation’s cash flow variable CFt (Ct ,St ) = CtSt  (see constraint (5)). Further, 

since the previous equation’s second summand within the brackets e�r dt Et Vt +1
SDP (It +1)[ ]  may be 

described as the sum of a strip of discounted expected future cash flows (see the explanation 

above for details), both formulations of the valuation problem are basically identical: They 

both construct the natural gas storage valuation problem at hand as “the sum of discounted 

expected revenues under an optimal strategy over all possible future trajectories of the gas 

price process” (GEMAN, 2005, p. 306). 

 

5.3 Valuation by Multistage Stochastic Linear Programming 

As already stated in the context of Chapter 5.2 the operation of a natural gas storage facility 

may be treated and thus valued as a type of swing option. Hence, the value of the storage 

facility is determined by the exercise decisions of the operator, concretely the decision which 

amount of natural gas is injected or withdrawn at which point in time. Thus, the core of the 

valuation procedure is characterized by a sequence of decisions over time, while any future 

one depends on the decisions made in the past (path-dependency). The complexity of the 

valuation problem is further extended as there are additional constraints that need to be 

satisfied (e.g. due to technical restrictions of the facility itself) and the stochastic evolution of 

the model’s probably most important variable: the spot price of natural gas. The latter is of 

particular importance as the contract valuation is carried out against the spot market, what in 

turn means that any injected or withdrawn amounts of natural gas are valued against the 

current (simulated) spot market prices at the respective points in time. (following 

BLÖCHLINGER, FRAUENDORFER, ET AL., 2006, p. 3; BLÖCHLINGER, HAARBRÜCKER, ET AL., 

2006, p. 7) 

 

As it was already indicated in the introduction to this thesis, the methodology of multistage 

stochastic linear programming (MSLP) for solving complex optimization problems has 

definitely inspired the line of research at hand. According to, for instance, BLÖCHLINGER, 

FRAUENDORFER, ET AL. (2006) or HAARBRÜCKER and KUHN (2006), MSLP has already 
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proven to be highly successful in its application to complex electricity market contracts like, 

for example, electricity swing options. Due to the large number of similarities in the 

characteristics of electricity swing options and natural gas storage facilities, the methodology 

of MSLP can be assumed to be applicable to the valuation of natural gas storage facilities as 

well. 

 

The following section is split into four distinct parts. Firstly, the requirements, which need to 

be fulfilled for applying the methodology of multistage stochastic programming, are presented 

and their compliance with the valuation problem at hand is shortly investigated. Next, the 

general methodology of multistage stochastic (linear) programming (MSLP) is described in a 

step-by-step approach. The aim of the third part is to formulate the optimization problem of 

natural gas storage valuation in a way that is as compatible with the MSLP solution approach 

as possible. In the final part the applicability of MSLP to the optimization problem is 

critically analysed and possible pitfalls of the practical implementation are highlighted. 

 

Please note that in the context of this thesis only the theoretical framework of valuing natural 

gas storage facilities with the help of the MSLP solution approach is presented and analysed. 

The practical implementation and valuation of a storage facility, however, involves a huge 

series of mathematical transformations and computational efforts, which are clearly beyond 

the scope of the thesis at hand. Hence, the clear focus of the following sections is on 

providing an elaborate formulation of the storage facility optimization problem (see Chapter 

5.3.3). The demonstration of a potential solution approach by applying MSLP is thus only 

pursued with second priority. 

 

5.3.1 Application Requirements 

As already indicated in the preceding section, multistage stochastic programming may 

represent one of the most appropriate methodologies out of the range of stochastic 

optimization models in view of the characteristics of the storage facility valuation problem at 

hand. However, there are a number of specific requirements, which the valuation problem in 

question needs to comply with, in order to apply this methodology (BLÖCHLINGER, 

HAARBRÜCKER, ET AL., 2006, p. 7): 

• The probability distributions of the underlying variables (e.g. natural gas spot 

price) need to remain unaffected by the facility operator’s taken decisions: 
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This requirement is assumed to be fulfilled, as the amount of natural gas 

controlled by the operator in general constitutes only a fraction of the entire 

market. He is supposed to be a price taker in the classic sense. Thus, the 

operator’s injection or withdrawal decisions do not influence the underlying 

variables’ probability distributions. 

• Any exercise decision (operating decision, respectively) can be solely based on 

past information (nonanticipativity): 

This requirement is assumed to be satisfied as well, as the operator bases the 

exercise decisions on information regarding past prices and the currently known 

forward or futures curve only. Future information is neither available to nor 

applicable by the facility operator. 

• The valuation problem features the application of a finite number of decision 

stages: 

With regard to the valuation of natural gas storage facilities the application of a 

finite number of decision stages is assumed to be realisable. 

 

After conducting the above analysis regarding the fulfilment of the specific application 

requirements it can be stated that multistage stochastic programming is basically applicable to 

the valuation problem at hand. 

 

5.3.2 The Methodology: Multistage Stochastic Linear Programming (MSLP) 

The valuation of complex option contracts like swing options or related constructs (e.g. 

natural gas storage facilities) is an example of the huge variety of practical problems 

characterized by several uncertainties. In those cases uncertain but relevant events and 

evolutions are modelled by the introduction of stochastic variables, whose exact value at the 

time of interest is unknown. Instead, the probability distribution of this unknown value is 

taken for granted. Thus, the optimization problem is to maximize (or minimize) the expected 

value of a dependent variable (i.e. the result; e.g. the value of the natural gas storage facility 

in question) by modifying one or more independent variables (i.e. control or decision 

variables; e.g. the timing and the amount of natural gas withdrawals and injections) in 

consideration of the probability distributions of the stochastic variables (e.g. spot prices of 

natural gas at future points in time) and other restrictions of the problem (PAPAGEORGIOU, 

1996, pp. 11-14). One of the most feasible methods to handle this type of optimization 



Derivatives in the Gas Industry  5 Gas Storage 

- 96 - 

problem within the context of option valuation is the principle of stochastic optimization. 

Hence, almost any existing valuation scheme for swing options and related constructs is 

rooted in stochastic optimization approaches (HAARBRÜCKER & KUHN, 2006, p. 2). 

 

In general, the method of stochastic optimization is applied for the valuation of energy 

contracts that are characterized by the availability of optionalities within the arrangement, for 

instance swing options, virtual power plants, or natural gas storage facilities. It serves as a 

feasible alternative to common deterministic valuation concepts,
34

 which in general result in 

significant misvaluations of energy contracts due to the missed consideration of volatilities 

within the deterministic model. Thus, only by applying stochastic optimization the included 

optionalities can be valued in line with the market. In addition, the methodology of stochastic 

optimization shows the researcher a considerable degree of latitude regarding the choice of a 

specific price process. Thus, extended price process models may be applied, which are even 

able to describe jumps, spikes, regime switches, or stochastic volatilities. (BLÖCHLINGER, 

FRAUENDORFER, ET AL., 2006, pp. 9-11) 

 

In the framework at hand concerning the valuation of natural gas storage facilities, a specific 

type of stochastic optimization is going to be applied: multistage stochastic linear
35

 

programming (MSLP). This specification is necessary as general SDP approaches are likely 

to fail in providing a sufficiently accurate solution to the natural gas storage valuation 

problem in a reasonable time due to various reasons: (1) The valuation of storage facilities 

represents one of the most complex optimization problems of the energy markets. This is 

particularly due to the huge amount of constraints necessary for entirely defining the problem 

at hand, whose complexity thus frequently even exceeds that of electricity swing option 

valuation problems. (2) In order to draw a picture of the market as realistic as possible, the 

valuation problem will be embedded in a model economy featuring several risk factors (multi-

dimensionality of risk) by using a complex multi-factor Pilipovic model for the price 

evolution at hand (cf. to Chapter 2 for further details on the choice of the price process 

model). (3) Each contract valuation period is likely to span up to one whole year or even 

longer durations and to feature several hundred or thousand operating decisions within that 

                                                
34

 Deterministic valuation concepts disregard the dynamics of price evolutions. Instead, an average price 

scenario is used as predefined price evolution. This results in partly huge valuation differences compared to 

the concept of stochastic optimization. 

35
 Note that the term linear refers to the linearity of the applied constraints and the objective function in the 

decision variable. 
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period (i.e. amount of withdrawal or injection of natural gas). (4) Although the optimization 

problem presented in Chapter 5.3.3 does actually not feature the introduction of ratchets to the 

problem (i.e. restrictions regarding the maximum change of the withdrawal or injection rate 

from time t to time t+1), this extension is basically possible and would further increase the 

complexity of the valuation problem at hand. In contrast to standard SDP approaches, MSLP 

permits an aggregation of decision stages, the discretization of the underlying probability 

space, as well as a reparameterization of the decision space.
36

 Thus, the optimization problem 

becomes computationally tractable and a sufficiently accurate solution can be achieved in a 

reasonable time. (following HAARBRÜCKER & KUHN, 2006, pp. 3-4) 

 

As a first fundamental statement it is necessary to highlight that the storage facility’s value as 

well as the optimal operating strategy are substantially dependent on future (spot) prices. 

Hence, their reliable forecast is essential. Energy prices in general as well as natural gas 

prices in particular, however, are determined by a huge variety of uncertain influences, for 

example the current weather situation, the country’s general economic situation, current 

storage activities, and the like (see Chapter 4.2.1 for a detailed overview). Due to those 

circumstances they are only describable in a probabilistic way and a precise forecast is almost 

impossible. However, with the help of market exchanged standard products (e.g. natural gas 

forward or futures contracts) the anticipation of the market concerning future prices can be 

estimated to a certain extent. It is the task of the applied MSLP approach to incorporate all of 

the above insights into a feasible valuation procedure. (BLÖCHLINGER, FRAUENDORFER, ET 

AL., 2006, pp. 3-4) 

 

In the context of the following explanations let �t be the probability distribution of a random 

vector at time t, ut the exercise decision of the operator of the natural gas storage facility at 

time t, and Pt a specific probability measure at time t. MSLP features an overall planning 

horizon T, which is subdivided into a finite number of decision stages t = 0,1,2,…,T for 

valuation purposes.
37

 For each stage t there is a corresponding probability distribution of a 

random vector �t, representing the from today’s viewpoint uncertain future impacts that in 

turn determine the spot price of the respective stage t in consideration. Similarly, by 

determining the future spot price at stage t the respective exercise decision and valuation at 

                                                
36

 For details regarding those approximation techniques the interested reader is referred to HAARBRÜCKER and 

KUHN, 2006, pp. 17-27. 

37
 Thus, establishing the third application requirement stated in Chapter 5.3.1. 
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this stage is massively affected. Solely the today’s values of the random factors are known 

with absolute certainty (�0), whereas all other realizations of the future random variables 

(�1,…,�T) are described in a probabilistic way by making assumptions of the underlying 

distributions. (BLÖCHLINGER, HAARBRÜCKER, ET AL., 2006, pp. 7-8) 

 

In addition to their basically probabilistic nature, the probability distributions �t (t = 

1,2,3,…,T) exhibit another complicating feature: They may be influenced by one or more 

previous realizations, whose entity is represented by � t�1 := (�0,...,� t�1) . Hence, conditional 

probability measures Pt (� t �
t�1)  need to be applied. Moreover, the framework of MSLP 

requires the conditional probability measures to be independent of all decisions 

ut := (u0,...,ut )  made until stage t.
38

 Further, any decision ut at stage t is made under 

familiarity with the observations � t
= (�0,...,� t )  as well as all previous decisions 

ut�1
= (u0,...,ut�1)  only.

39
 No future information can be part of the decision process 

(nonanticipativity). This fact is allowed for by constructing any decision ut at stage t as 

ut (�
t ) , meaning that for each two scenarios � i

= (�0
i ,...,�T

i ) and � j
= (�0

j ,...,�T
j ), which 

exhibit exactly the same characteristics up to a period ˆ t � 0,...,T{ }  (i.e. 

� t
i
=� t

j  �t � 0,..., ˆ t { }), the corresponding decisions ut
i and ut

j  must be identical for all 

t � 0,..., ˆ t { }  as well. This nonanticipativity property accounts for the notions of the future 

being generally uncertain and, hence, the inability of gaining an advantage for today’s 

decisions by incorporating knowledge about the future. (BLÖCHLINGER, HAARBRÜCKER, ET 

AL., 2006, pp. 8-9) 

 

As the valuation of a natural gas storage facility aims on maximising the profit of the operator 

by choosing an optimal exercise schedule (in terms of timing, amount, and direction 

(withdrawal or injection) of operation), the optimization model of the MSLP framework takes 

the form of a maximization problem featuring several constraints. Since the general formal 

depiction of an MSLP applicable for the solution of maximization problems is of limited 

explanatory value in the framework of this thesis, the interested reader is referred to 

BLÖCHLINGER, HAARBRÜCKER, ET AL., 2006, pp. 8-9, for a detailed illustration. However, it is 

                                                
38

 Thus, establishing the first application requirement stated in Chapter 5.3.1. 

39
 Thus, establishing the second application requirement stated in Chapter 5.3.1. 
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important to note that the MSLP is defined by a recourse value function for t = T,…,2,1,0 – 

implicating that it can only be solved with absolute certainty backwards starting at t = T. 

 

Obviously, the expected profits of the natural gas storage facility and, thus, its value with 

reference to the planning horizon T are maximized by choosing the exercise strategy decisions 

ut for each stage t = 0,1,2,…,T in an optimal way, which in turn maximise the value. Whereas 

the exercise strategy and, hence, the profit for the first stage is certain and can be determined 

deterministically, all future stages’ profits are dependent on the realizations of the random 

variables �t of the stages t = 1,2,3,…,T. As the recourse value function can be characterized 

as subdifferentiable and only given implicitly (as each decision variable represents a random 

object with a continuum of realizations), however, an analytical solution by integrating the 

recourse value function is not feasible. Thus, MSLP features the drawing of scenarios from 

the before mentioned continuous probability measure Pt, resulting in the discrete probability 

measure ˆ P t  that is assigned to these scenarios. This procedure is generally referred to as 

discretization of the probability space in order to make the optimization problem 

computationally tractable (HAARBRÜCKER & KUHN, 2006, p. 20). Due to the construction of 

the MSLP as a multistage approach, the discrete probability measure ˆ P t  is also – similar to 

the continuous measure Pt from which it was drawn – dependent on the respective previous 

realizations of the random variable � t�1. Eventually, the drawing of a limited number of 

scenarios results in a finite number of realizations of � t  and, thus, a so-called scenario tree 

can be constructed. Moreover, on the basis of the drawing of scenarios the former unsolvable 

general formulation of the MSLP is transformed into the so-called deterministic equivalent 

programme (DEQ) – a statement of a linear programme that may be interpreted as a scenario 

approximation of the original maximisation problem, which is solvable much more easily. 

The specific block structure of the DEQ is defined according to the information structure of 

the previously generated scenario tree.
40

 (BLÖCHLINGER, HAARBRÜCKER, ET AL., 2006, pp. 9-

10) 

 

In conclusion, it needs to be highlighted that in the framework of MSLP the operating strategy 

is not optimized exclusively based on a single expected price evolution (as it is common for 

deterministic valuation concepts), but rather the optimal operating strategies at different 

                                                
40

 Please note that details of the construction and solution of the DEQ go beyond the scope of this thesis. Hence, 

the interested reader is referred to BLÖCHLINGER, HAARBRÜCKER, ET AL., 2006, pp. 9-10, for further 

explanations. 
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points in time are derived in dependence on several possible price scenarios. Therefore, the 

whole contract period is divided into sub-periods. Starting from the respective endpoints of 

those sub-periods, the future developments of spot prices proceed in the form of various 

scenarios. This in turn is achieved by generating a so-called non-recombining tree structure. 

As a result a tree of scenarios with m intersections and nm  price scenarios
41

 emerges, which 

approximates the stochastic dynamics of the spot prices during the whole contract period 

according to the chosen price process model (while a higher number of price scenarios (i.e. a 

filtration that features a higher resolution) coincides with a more accurate approximation of 

the spot prices’ stochastic dynamics and vice versa). Based on this large amount of price 

scenarios (i.e. discretization of the underlying price process), stochastic optimization 

problems in the form of valuation and exercise models can be generated, which are in turn 

applicable for the determination of a “fair market value” and the optimal operating strategy of 

the natural gas storage facility in question
42

 (BLÖCHLINGER, FRAUENDORFER, ET AL., 2006, 

pp. 10-11). 

 

In order to discretize the underlying price process by generating several price scenarios, 

which approximate the stochastic dynamics of the price evolution during the whole contract 

period, the selection of an adequate number of scenarios in consideration of the usually 

growing information quantity and density of the underlying process is necessary as a first 

step. In the case at hand the number of price scenarios is in turn constituted by the definition 

of an appropriate number of sub-periods (i.e. number of intersections), into which the whole 

(discrete) contract or valuation period is divided for valuation purposes, and the choice 

regarding the number of price scenarios starting at the endpoint of each sub-period (see 

Footnote 41 for an example). In practice, the selection of an adequate number of price 

scenarios according to the nature of the information process at hand is referred to as filtration. 

Hence, the applied filtration heavily influences the structure and graduation of the 

accompanying non-recombining tree and, thus, needs to be chosen in a way that gives 

reasonable consideration to the information density and structure of the underlying 

optimization problem. In addition, the computational efficiency of the solution needs to be 

allowed for (i.e. a filtration featuring a higher resolution (a higher number of scenarios) 

                                                
41

 The variable n denotes the number of different price scenarios starting at each end point of a sub-period. 

Thus, for 5 intersections (m = 5) and 10 different price scenarios starting at each end point of a sub-period       

(n = 10) this results in a total of 100000 different price scenarios (100000 = 10^5). 

42
 The described procedure results in a definitive optimal operating strategy for the first sub-period since all 

relevant price scenarios are based on a definite price evolution. For the second and every further sub-period a 

stochastic operating strategy in accordance to the principle of optimality is obtained. 
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demands a higher computing time and vice versa). Please note that the choice of the applied 

filtration may exert significant influences on the valuation results of the natural gas storage 

facility in question and, hence, needs to be conducted with adequate care. As the selection of 

an appropriate filtration can be characterized as a rather practical problem that is closely 

related to the implementation of the optimization methodology at hand, at this point only its 

importance in this context is highlighted. Its practical realization, however, is committed to 

the implementation of the overall valuation procedure in a, for instance, corresponding 

software package. For further information regarding the importance and handling of the 

filtration in the context of MSLP the interested reader is referred to BLÖCHLINGER, 

FRAUENDORFER, ET AL. (2006) or HAARBRÜCKER and KUHN (2006). 

 

5.3.3 Formulation of the Optimization Problem 

In the following section a general equation as well as accompanying constraints for the 

valuation of natural gas storage facilities are developed. In this process the major aims are the 

precision of the formulation, its simplicity in order to guarantee an easy applicability, and the 

exhaustive coverage of all possible restrictions, mostly of technical nature. Hence, it is tried to 

find a formulation that is easily adaptable to the valuation of a wide variety of natural gas 

storage facilities. 

 

The whole formulation process follows the general explanations on natural gas storage 

valuation by EYDELAND and WOLYNIEC (2003, pp. 351-367) and GEMAN (2005, pp. 304-307), 

which were already touched on in Chapter 5.2, as well as the specific papers on valuation 

methodologies by CHEN and FORSYTH (2006, pp. 3-8) and THOMPSON ET AL. (n.d., pp. 6-13). 

 

5.3.3.1 Definition of Variables and Parameters 

As a first step the variables and parameters that are necessary for the formulation of the 

valuation problem as well as its constraints are defined. Some of the variables have already 

appeared in previous sections of this thesis, however, for the sake of completeness all of them 

are listed below in a concise manner: 

• St  denotes the natural gas spot price per unit of natural gas at time t (usually per 

MMBtu). 
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• It  denotes the natural gas inventory level at time t (i.e. the amount of working gas 

in storage, base gas is not included; for details see Footnote 24). 

• TC  denotes the maximum inventory level of the facility (i.e. maximum working 

gas storage capacity). 

• Vt  denotes the value of the natural gas storage facility at time t assuming an 

optimal strategy regarding timing and amount of injection and withdrawal 

operations. 

• T  denotes the end of the valuation period or the expiry time of the contract (in 

case that the storage facility was leased for a certain period of time). 

• Ct  denotes the amount of in- or outflow of natural gas to or from the storage 

facility at time t and for the period t. Note that for withdrawal operations Ct  is 

defined as positive and for injections as negative in order to represent the 

operator’s viewpoint in terms of cash flows appropriately (injections result in 

costs and vice versa). If neither injections nor withdrawals are performed in a 

certain period, Ct = 0  (i.e. no operation). 

• Ct
max (I)  denotes the maximum withdrawal rate at time t and for the period t as a 

function of the inventory level ( Ct
max (I) � 0). Note that Ct

max (I)  corresponds to the 

WDQ value used so far, however, it does not necessarily refer to a period of one 

day. 

• Ct
min (I)  denotes the maximum injection rate at time t and for the period t as a 

function of the inventory level ( Ct
min (I) � 0). Note that Ct

min (I)  corresponds to the 

IDQ value used so far, however, it does not necessarily refer to a period of one 

day. 

• At (I,C) denotes the amount of natural gas that is consumed or lost, respectively, 

at time t due to withdrawal or injection operations. Consumption is particularly 

relevant for injection operations as the injection process ( Ct < 0 ) of natural gas 

into the storage facility is conducted with the help of pumping systems that are 

usually fuelled with natural gas as well. In general, an additional acceleration of 

the withdrawal process ( Ct > 0 ) is not customary since the pressure of the natural 

gas in storage is sufficient for this action. Hence, no fuel is usually consumed for 

withdrawal operations. Further, loosing a smaller amount of natural gas due to 

minor leakages during injection or withdrawal operations or due to seepage of the 

storage inventory may occur. Theoretically, this amount is the higher, the greater 
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the inventory level I (due to the higher pressure involved) and the current in- or 

outflow C  are. Thus, At  is a complex function of I as well as C. (THOMPSON ET 

AL., n.d., p. 7) 

• r  denotes the risk free interest rate on a period with length t used for discounting 

purposes. 

 

5.3.3.2 Problem Formulation and Constraints 

In the preceding section the applied mathematical notation was presented. Equipped with this 

know how one can now continue with the formulation of the optimization problem and its 

constraints. 

 

As it was already mentioned in the framework of Chapter 5.2 the objective in valuing a 

natural gas storage facility can clearly be characterized as the maximization of the sum of 

discounted expected cash flows under an optimal strategy over all possible future trajectories 

of the gas price process. As a period’s cash flow is easily describable as the product of the 

natural gas in- or outflow Ct in the respective period (decreased by consumption and losses 

At) and the current natural gas spot price St, the overall optimization problem and, thus, the 

value of the natural gas storage facility amounts to the following: 

 

Vt = max
C

E e	r (k	 t )(Ck 	 Ak (I,C)) Sk

k= t

T

�
� 

� 
� 

� 

� 
	  

 

The length of a time period t may be variably defined according to, for instance, the duration 

a given spot price is fixed at the market (e.g. an hour, a day, etc.), the minimal duration for 

which a specific operation needs to be retained due to technical limitations, or simply to 

idiosyncrasies of the solution approach applied for solving the optimization problem. Hence, 

the number of periods T within a given valuation period that is defined by absolute date 

specifications (e.g. 01 January 2008 to 31 December 2008) needs to be characterized as 

variable as well. In order to avoid an unnecessary complication of the above formula, the 

distinction between relative valuation periods t and absolute date specifications was omitted 

in this context and committed to the practical implementation of the valuation procedure in a, 

for instance, corresponding software package. However, please note that the risk free interest 
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rate r that is applied for discounting purposes always refers to the period length t and, hence, 

needs to be adapted accordingly in case that the period length is altered. 

 

In addition to the above optimization problem the accompanying constraints need to be 

established. 

 

(1) Constraints regarding the inventory level It: 

Obviously, It can take any value between zero (i.e. the facility is empty) and the facility’s 

maximum working gas capacity TC, hence, the following relation needs to be considered: 

 

0 � It � TC  

 

Further, the evolution of the inventory level needs to be defined. As the only sources for 

changes of the inventory level are constituted by injection and withdrawal operations Ct as 

well as the accompanying loss At, the inventory level satisfies the following relation: 

 

It � (Ct + At (I,C)) = It +1   or   
dIt

dt
= �(Ct + At (I,C)) 

 

(2) Constraints regarding the maximum withdrawal and injection rates Ct
max (I)  and Ct

min (I) : 

As already stated in the notation section withdrawal operations are accounted for as positive 

values of Ct, whereas injections are represented as negative values. Since the withdrawal 

process is usually not accelerated by any pumping system, the withdrawal rate is directly 

related to the pressure inside the storage and, hence, to the facility’s current inventory level. 

Thus, the maximum withdrawal rate as a function of the inventory level ranges between zero 

(in case that the facility is empty) and a certain positive maximum value (in case that the 

facility is filled completely). Hence, the following constraints can be established: 

 

Ct
max (0) � Ct

max (I) � Ct
max (TC)   with  Ct

max (0) = 0 (hence: Ct
max (I) � 0) 

 

On the contrary, the injection rate is inversely related to the facility’s current inventory level. 

Although accelerated by a pumping system (but usually with a constant pumping rate), the 

injection rate is the higher, the lower the pressure in the storage and, thus, the lower the 

current inventory level. Hence, the maximum injection rate as a function of the inventory 
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level ranges between zero (in case that the facility is filled completely) and a certain negative 

minimal value (meaning the highest maximum injection rate; in case that the facility is 

empty). Thus, the constraints with regard to the maximum injection rate can be established in 

the following way: 

 

Ct
min (0) � Ct

min (I) � Ct
min (TC)  with  Ct

min (TC) = 0 (hence: Ct
min (I) � 0) 

 

In accordance to THOMPSON ET AL. (n.d., pp. 14-17) the dependence of Ct
max  and Ct

min  on the 

facility’s current inventory level It may be approximated by the following equations with K1, 

K2, K3 (the amount of base gas), and K4 being several positive constants, which are 

idiosyncratic to technical characteristics of the respective natural gas storage facility:
43

 

 

Ct
max (I) = K1 I   and  Ct

min (I) = �K2

1

I + K3

�
1

K4

 

 

Please note that the above approximations not necessarily need to be applied for describing 

the dependence of Ct
max  and Ct

min  on the facility’s current inventory level It. Instead, the 

relationship may also be described by directly assigning a maximum withdrawal and injection 

rate to each possible inventory level or by finding a probably more suitable approximation of 

the respective facility’s relationship. However, the above approximations offer a highly 

important impression of the underlying relationships and – even more significant – of their 

nonlinear character. Unfortunately, the latter heavily complicates the solution of the 

accompanying optimization problem. 

 

(3) Constraints regarding the rate of natural gas consumption or loss At (I,C): 

With regard to the rate of natural gas consumption or loss several simplifications can be 

established that does not alter the solution a lot due to the nature of the problem. As the loss 

of natural gas due to leakages during withdrawal or injection operations and seepage of the 

storage inventory usually represents a rather small amount, this influence is excluded in the 

following. As only the loss component of At was dependent on the current inventory level It, 

this exclusions simplifies the rather complex formulation At (I,C) to a more manageable 

At (C) . 

                                                
43

 For further details on the deduction of the given approximations as well as on the calculation procedures for 

the constants K1 to K4 please refer to THOMPSON ET AL., n.d., pp. 14-17. 
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Further, the consumption of natural gas due to pumping activities is relevant for injection 

operations only as the withdrawal is usually not accelerated. For the sake of simplicity it is 

assumed that the pumping system works at a constant level no matter what the current 

inventory level or the desired injection rate is. Hence, the consumption exhibits a constant 

positive level AC<0  in case that injection operations are conducted. This simplification is 

justifiable as a more exact representation of At would only result in minor changes of the 

solution due to the smallness of the amount consumed relative to the total storage and injected 

volumes. Further, this simplification leads to a significant reduction of this constraint’s 

complexity, which is highly important for the applicability of the whole optimization 

framework. In conclusion, At (I,C) was simplified to the following construction: 

 

At (I,C) = At (C) =
0        if Ct � 0

AC<0   if Ct < 0

� 
� 
� 

  with  AC<0 > 0 

 

(4) Constraints regarding the in- or outflow Ct (decision variable): 

Naturally, Ct is bounded by the maximum injection rate Ct
min (I)  as lower bound and the 

maximum withdrawal rate Ct
max (I)  as upper bound, which both are a function of the current 

inventory level. Hence, this would imply Ct
min (I) � Ct � Ct

max (I) . 

 

However, due to the existence of the rate of natural gas consumption At (C)  examined above, 

there is an additional range �AC<0 < Ct < 0 , in which injection operations indeed take place 

(as Ct < 0 ), but those are conducted at a rate that is smaller than the rate of natural gas 

consumption due to pumping activities. This in turn means that the unjustifiable situation of 

decreasing the facility’s natural gas inventory while injecting natural gas into the storage 

would occur. Consequently, in order to exclude the range �AC<0 < Ct < 0  the above constraint 

of the value of Ct is further restricted to: 

 

Ct � Ct
min (I),�AC<0[ ]� 0,Ct

max (I)[ ] 

 

Please note that injection operations that satisfy the relation �AC<0 < Ct < 0  clearly represent a 

destruction of value and will, hence, never enter an optimal solution. Thus, the extended 

restriction above does not necessarily need to be applied instead of the simpler one 

Ct
min (I) � Ct � Ct

max (I)  as both will result in the same solution of the accompanying 
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optimization problem. However, from a scientific perspective the extended formulation above 

is much more accurate and should therefore be preferred. 

 

(5) Constraints regarding the terminal inventory level IT (terminal condition): 

As the optimization problem aims on maximizing the value of the natural gas storage facility 

in question over a specific period of time, the terminal inventory level IT is implicitly given 

with zero (i.e. an empty storage) as it is never optimal to leave natural gas in storage at the 

end of the valuation or contract period, respectively. 

 

IT = 0 

 

However, in reality the valuation or contract period, respectively, is frequently not clearly 

limited in time and rather exhibits an indefinite nature. This means that the storage facility 

will be operated by probably the same institution in the period following the investigated 

valuation or contract period. Hence, it may be suboptimal to end the period with an empty 

facility. In those cases the definition of a terminal inventory level IT other than zero may be 

applicable. 

 

(6) Possible constraints regarding the ratchet size �: 

Further, please note that no ratchets were introduced to the optimization problem at hand. 

Ratchets would represent a constraint regarding the maximum change of C from time t to time 

t+1 (i.e. in the presence of ratchets the operator is not entirely free in the choice of the 

respective withdrawal or injection operation at time t+1, the choice would rather be partially 

limited by the operating state at time t). The absence of ratchet constraints does not represent 

a mere simplification of the optimization problem at hand, it rather goes in line with the 

technical reality of natural gas storage facilities as those are usually able to change their 

current operating state more or less instantaneously. In case one would like to include 

ratchets, this could be achieved by simply introducing the following additional constraint with 

�  denoting the maximum ratchet size: Ct �Ct +1 � � . 

 

(7) Nonanticipativity: 

Finally, the decision variable Ct is required to be strictly nonanticipative with respect to the 

underlying information process (e.g. information about future spot prices, future inventory 

levels, etc.). This means that the operator’s decision at time t may depend on all information 
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observable at times k = 0,...,t ; however, it is required to be independent of all information 

revealed at later times k = t +1,...,T . Hence, decisions have to be taken based on past and 

today’s information only. Future information is neither available to nor applicable by the 

operator. 

 

5.3.3.3 Definition of the Underlying Price Process Model 

As extensively discussed in the framework of Chapter 2 of this thesis, the so-called Pilipovic 

model extended by an additional consideration of seasonality effects was chosen in order to 

describe the natural gas spot price evolution in the context of this thesis and, hence, for 

making assumptions on the probability distributions of future spot prices (i.e. determination of 

expected values). This price process model offers the right balance between practicability and 

meticulousness, thus, supporting the determination of an exact solution while keeping the 

flexibility and computational efficiency of the whole valuation model on a relatively high 

level. Further, the Pilipovic model with its non-constant equilibrium price level features the 

consideration of forward or futures prices, respectively, as a proxy for the market participant’s 

general expectations regarding future price evolutions, what can be characterized as a very 

valuable feature for the valuation problem at hand. 

 

According to the Pilipovic model the spot price evolution is described in the following way:
44

 

 

dSt
Und

=�(Lt � St
Und ) dt +� St

Und  dWt

dLt = � Lt  dt + � Lt  dXt

 

 

Whereas the incorporation of seasonality effects with the underlying model is conducted 

according to the following scheme (PILIPOVIC, 1998, p. 67) with dSt  representing the change 

in the spot price over time dt according to the overall model, dSt
Und  the component according 

to the underlying price process model (in this case the Pilipovic model),
45

 and dFt  the 

component according to seasonality effects:
46

 

 

                                                
44

 For details regarding the Pilipovic model please refer to Chapter 2.3.2.3 of this thesis. 

45
 Please note that according to this construction the entire underlying price process model evolves in a world 

stripped of seasonality effects (as these are added in a later stage by Ft). Hence, references to spot price values 

within the model (e.g. like in the Pilipovic model) obviously also refer to seasonality free spot prices. 

46
 For details regarding the consideration of seasonality please refer to Chapter 2.3.7 of this thesis. 
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dSt = dSt
Und

+ dFt

dFt = � 2� �A sin(2� (t � tA )) + 4� �SA sin(4� (t � tSA )){ } dt
 

 

Please note that in the above formulation the Pilipovic model is applied directly to the 

simulation of future spot prices. This procedure is often referred to as pure spot price 

simulation. However, there is another approach, which uses the forward price curve 

observable at the time of valuation or, more precisely, all the available forward prices with 

different maturities as expected values of the future spot price evolution. In this alternative 

approach the chosen price process model is then used to simulate the stochastic dynamics of 

the future prices while retaining the values of the observed forward curve as expected values 

or “average scenario”. The applicability of this alternative approach to the optimization 

problem at hand is further analysed in the discussion part following this section (Chapter 

5.3.4). 

 

Finally, please note that information regarding the discretization of the chosen price process 

by generating various price scenarios and the importance and handling of the filtration within 

this context can be found at the end of Chapter 5.3.2. 

 

5.3.3.4 The Optimization Problem 

After having described the central maximization problem and established all of the 

accompanying constraints as well as the proposed price process model, the entire optimization 

problem can be depicted in a summarizing manner. According to the above detailed 

explanations it looks as follows: 
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Vt = max
C

E e�r (k� t )(Ck � Ak (I,C)) Sk

k= t

T

�
� 

� 
� 

� 

	 
� 

s.t.

(1)    0 � It � TC

(2)   It � (Ct + At (I,C)) = It +1

(3)   Ct
max (0) � Ct

max (I) � Ct
max (TC)

(4)   Ct
max (0) = 0

(5)   Ct
min (0) � Ct

min (I) � Ct
min (TC)

(6)   Ct
min (TC) = 0

(7)   Ct
max (I) = K1 I

(8)   Ct
min (I) = �K2

1
I + K3

�
1

K4

(9)   At (I,C) = At (C) =
0        if Ct � 0

AC<0   if Ct < 0


 
� 
� 

(10)  AC<0 > 0

(11)  Ct � Ct
min (I),�AC<0[ ] 0,Ct

max (I)[ ]
(12)  IT = 0

(13)  Ct  nonanticipative

 

 

In addition, the accompanying price process model, according to which the natural gas spot 

price evolution is described, is specified by the following four equations: 

 

(a)  St = St
Und

+ Ft  �  dSt = dSt
Und

+ dFt

(b)  dSt
Und

=�(Lt � St
Und ) dt +� St

Und  dWt

(c)  dLt = � Lt  dt + � Lt  dXt

(d)  dFt = � 2� �A sin(2� (t � tA )) + 4� �SA sin(4� (t � tSA )){ } dt

 

 

5.3.4 Discussion: Solving the Problem 

Regarding the solution of the above optimization problem by applying multistage stochastic 

linear programming two major hurdles need to be addressed. The first is concerned with the 

spot price simulation procedure, whereas the second one refers to the nonlinear nature of 

some of the above optimization problem’s constraints that do not fulfil the MSLP’s linearity 

requirement. 
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In order to value a natural gas storage facility according to the scheme analyzed before, the 

natural gas future spot price evolution needs to be forecasted or simulated, respectively, in an 

adequate manner. The first alternative of achieving this simulated price evolution is by 

applying a pure spot price simulation procedure based on the observable spot price at time t = 

0 (i.e. the time of valuation) and an appropriate process for the spot price evolution over the 

interval [t,T] like, for instance, the Pilipovic model (EYDELAND & WOLYNIEC, 2003, p. 130). 

This procedure equals that suggested in the context of the optimization problem formulation 

of the preceding section (see the proposed price process model in Chapter 5.3.3.3). The 

shortcoming of this method, however, are the limited possibilities of incorporating the 

respective forward or futures prices that are observable at time t = 0 as well. Those may be 

included at best by altering the direction and the magnitude of a possibly existing drift term. 

 

Due to the above method’s shortcomings a second simulation approach for the future spot 

price evolution was developed. The natural gas forward or futures prices observable at the 

market contain valuable information regarding the market participant’s expectations of the 

natural gas future price evolution. Therefore, their incorporation into the simulation procedure 

is likely to offer further insights and, thus, facilitate a more accurate valuation. Hence, this 

alternative approach proposes to derive the future spot price evolution, against which the 

storage facility is valued, based on the current forward price curve and an accompanying 

simulation of the forward price dynamics in order to sufficiently resemble their stochastic 

nature. This procedure also goes in line with the typical operational requirements of trading 

and risk management departments in the world of the energy markets, where operational 

decisions are usually made on the basis of the current spot price as well as current and 

historical forward price information, thus, taking all available as well as all the latest market 

data into account (HAARBRÜCKER & KUHN, 2006, p. 6). 

 

In the context of this approach the deterministic forward price curve observable at the time of 

valuation (t = 0) or, more precisely, all the available forward prices with different maturities 

( F0(T){ }
T�0

) are applied as expected values of the future spot price evolution. The chosen 

price process model is then used to simulate the stochastic dynamics of the future prices while 

retaining the values of the observed forward curve as expected values or “average scenario”. 

Hence, in the framework of this method the forward price dynamics correspond to the chosen 

price process model (e.g. a slightly modified Pilipovic model) in the first instance. The 

connection to the spot price is only established in a second step by defining St in the following 
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way with �1,t  representing the prime risk factor (i.e. the risk factor that is influenced by all 

other risk factors; resembling St
Und  of the classic Pilipovic model), whose dynamics are 

governed by the accompanying process model (HAARBRÜCKER & KUHN, 2006, p. 7): 

 

St := Ft (t) = F0(t)
exp�1,t

E0(exp�1,t )
 

 

Please note that the above explanations only sketch the whole procedure in a rather 

conceptional manner. For a detailed analysis the interested reader is referred to BLÖCHLINGER, 

FRAUENDORFER, ET AL., 2006, pp. 6-9, BLÖCHLINGER, HAARBRÜCKER, ET AL., 2006, pp. 17-

19, or HAARBRÜCKER and KUHN, 2006, pp. 4-8, who all apply the above method in order to 

derive spot prices for the valuation of electricity swing options or virtual power plants, 

respectively. 

 

A further problem frequently accompanying the above approach is constituted by the fact that 

the time resolution of the forward or futures contracts, respectively, which are traded on the 

market, usually does not match that needed for valuing the respective storage facility in 

question (cf. Chapter 4.2.4). More precisely, natural gas forward or futures prices usually 

refer to one whole month, whereas the decisions regarding withdrawal or injection operations 

and, thus, the valuation procedure are carried out on a daily or even hourly basis. In order to 

solve this resolution inconsistency, appropriate software packages are in place that are able to 

construct high-resolution forward price curves from the usually limited market data. In a first 

step these tools create a synthetic high-resolution forward curve according to the typical 

seasonal term structure (covering all kinds of seasonality patterns: daily, weekly, yearly, etc.) 

based on historical spot price data. Then, the synthetic forward curve is smoothed and 

adjusted to match the currently observed forward or futures prices with the help of a least 

squares optimization scheme (no-arbitrage argument). Please note that this procedure only 

determines a kind of expected value of the respective forward prices based on the observable 

prices, whereas the dynamics and, thus, the forward prices’ probabilistic nature are added by 

applying the simulation method described before. (BLÖCHLINGER, FRAUENDORFER, ET AL., 

2006, pp. 4-5; HAARBRÜCKER & KUHN, 2006, p. 27) 

 

The second hurdle, which needs to be addressed in the framework of this discussion section, 

is concerned with the nonlinear nature that some of the optimization problem’s constraints 
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exhibit. In the field of optimization theory, a linear programming problem can be 

characterized by the optimization of a linear objective function in the decision variables, 

which is subject to linear equality and inequality constraints (PAPAGEORGIOU, 1996, p. 124). 

Put the other way around, the linearity of the objective function in the decision variables as 

well as of the accompanying constraints represent two major requirements for applying a 

linear programming methodology to the optimization problem. However, as can obviously be 

seen from the optimization problem depicted at the end of Chapter 5.3.3, the constraints 

describing the exact dependence of Ct
max  and Ct

min  on the facility’s current inventory level It 

(constraints 7 and 8) feature square root calculations and are thus clearly of a nonlinear 

nature. Hence, the direct application of the MSLP approach to the optimization problem at 

hand is not feasible. 

 

In order to overcome this hurdle two different alternatives are conceivable. The first involves 

the application of a completely nonlinear solution methodology
47

 instead of the described 

MSLP approach to the optimization problem at hand. However, nonlinear programming 

methodologies are usually characterized by a higher complexity level what in turn jeopardizes 

the efficiency and computational tractability of the solution achievable with the MSLP 

approach. Hence, this first alternative cannot be classified as the most appropriate one. 

 

The second way to overcome this hurdle is by finding a feasible method of bypassing the 

difficulties imposed by the nonlinear nature of the optimization problem’s constraints and, 

hence, becoming able to apply the MSLP solution approach to the problem. This may either 

be achieved by methods like, for instance, the so-called branch and bound technique 

(LOUVEAUX & SCHULTZ, 2003, pp. 240-241), in which the overall programme is divided into 

several sub-programmes that can be subsequently solved with linear approximations in order 

to find an approximate solution step-by-step, or by replacing the entire nonlinear constraints 

of the optimization problem with linear approximations. The difficulty of the latter approach 

is to find linear approximations that reproduce as much of the original information as 

possible. In order to achieve this aim in the best possible way, the overall interval may 

additionally be divided into several sub-intervals for each of those a suitable linear 

approximation can be established. Hence, one becomes able to reproduce a nonlinear 

constraint’s various gradients with sufficient adequacy. 

                                                
47

 For an overview of nonlinear programming methodologies the interested reader is referred to, for instance, 

PAPAGEORGIOU, 1996 or SUN and YUAN, 2006. 
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Figure 5.3 depicts the visual example of the dependence of the maximum withdrawal rate 

Ct
max  and maximum injection rate Ct

min  on the current inventory level It for a typical natural 

gas storage facility of the salt cavern type.
48

 The graphs were constructed according to the 

equations given in the framework of the optimization problem introduced above (see 

constraints 7 and 8). All technical characteristics were set to realistic values with the 

maximum inventory level TC being 2000 MMcf (with 1 MMcf � 1000 MMBtu depending on 

the respective natural gas quality (NRCAN, 2006b, p. 5)) and the constants K1 = 2040.41, K2 = 

730000, K3 = 500, K4 = 2500.
49

 

 

 
Figure 5.3: Maximum Withdrawal and Injection Rates in Dependence on the Inventory 

Level for a Typical Salt Cavern Natural Gas Storage Facility (own depiction) 

 

The above graphs clarify that in this example an approximation of both nonlinear constraints 

with linear ones may be established without loosing too much of the original constraints’ 

information content due to the relatively low curvature of the graphs in question. With regard 

to the graph depicting the maximum withdrawal rate (displayed in blue), which features a 

relatively high curvature in the area of low inventory levels (i.e. between zero and around 400 

MMcf), the overall interval may additionally be divided into several sub-intervals featuring an 

                                                
48

 Please note that in the example of Figure 5.3 the maximum withdrawal as well as injection rates are displayed 

with a highly aggregated unit measure of MMcf/year (i.e. unit of the y-axis). The aim of the figure, however, 

is to depict both graphs’ shapes. Those do not change when referring to another period length. 

49
 All values were taken from THOMPSON ET AL., n.d., pp. 13-17. For more information on the meaning of the 

constants K1 to K4 as well as their derivation the interested reader is referred to the same place. 
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independent linear approximation for each of those in order to obtain a higher level of 

accuracy. 

 

Due to their general physical as well as technical characteristics the overall shape of the 

maximum withdrawal and injection rates’ evolutions over various inventory levels is more or 

less identical for a lot of natural gas storage facilities. Hence, the approximation approach 

described above should be accomplishable in a very similar fashion for other facilities’ 

maximum withdrawal and injection constraints as well. However, as both withdrawal as well 

as injection operations are most likely to be conducted at the current maximum rates, the 

nonlinearity in the optimization problem depicted at the end of Chapter 5.3.3 concerns two 

constraints of very high importance. Hence, linear approximations need to be implemented 

with extraordinary diligence in order to prevent huge valuation errors. 

 

Finally, it is necessary to remark that the aim of the above discussion section was only to 

reveal possible pitfalls in solving the natural gas storage optimization problem at hand with 

the help of the presented MSLP approach. Further, possible ways to overcome those hurdles 

were identified. However, the final implementation of the approach and the accompanying 

solution of the optimization problem clearly reach beyond the scope of this thesis and were 

therefore committed to the practical implementation of the valuation procedure in a, for 

instance, corresponding software package. 

 

From the above discussion it can be concluded that encountering several hurdles in 

implementing the MSLP methodology to the optimization problem at hand is likely. Those, 

however, will probably not be of a sufficiently severe character to nullify all the advantages of 

the proposed MSLP methodology. Hence, after solving the mentioned implementation hurdles 

it is likely to have found a very feasible approach for valuing natural gas storage facilities in 

MSLP - an approach that offers a healthy balance between mathematical meticulousness, 

computational efficiency, and manageability. 
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6 Summary and Conclusion 

Summarizing, the major aims of the thesis at hand were, on the one hand, to demonstrate the 

growing importance of the worldwide natural gas markets as well as that of the energy source 

natural gas itself, both partially due to the proceeding deregulation and elimination of 

government monopolies as well as to the increasing environmental awareness in many 

countries. Those tendencies result in liberalized markets, in which the forces of supply and 

demand are able to interact freely. Hence, market participants find themselves exposed to 

increasing market price and counterparty risks, what in turn renders the topic of risk 

management more important. 

 

In liberalized markets demand fluctuations do obviously result in enormous seasonal price 

differentials. The only efficient and reliable source for managing the seasonal imbalances 

between supply and demand in the natural gas markets is constituted by their probably most 

complex structure: natural gas storage facilities. Due to the increasing share of natural gas in 

the worldwide energy balance and the changes in the consumption patterns from mainly 

heating to a mix of heating and electricity generation, a further increase in natural gas demand 

fluctuations is likely and, hence, the storage facilities’ importance will grow significantly 

during the next decades. Thus, an aim of this thesis was, on the other hand, to analyse the 

characteristics and idiosyncrasies of natural gas storage facilities and to provide reliable 

valuation and optimization methodologies in order to guarantee their optimal utilization. 

 

Both of the above aims were achieved in a satisfactory manner. At first, a robust knowledge 

base regarding feasible price process models as well as the range of derivative instruments of 

the energy sector and their characteristics was established. Further, the structures of the 

natural gas markets as well as the idiosyncrasies of natural gas price processes, dynamics, and 

distributions were analysed in detail. All of that was necessary in order to develop an efficient 

and well-founded valuation framework for natural gas storage facilities as the final aim of this 

thesis. 

 

All the important technical restrictions of natural gas storage facilities that are likely to exert 

significant influences on the later valuation results were outlined. Further, it was shown that 

the mathematical formulation of a storage facility’s optimization problem can satisfactorily be 

conducted and that all technical restrictions can be incorporated appropriately. Moreover, the 
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solution methodology of MSLP was presented and its applicability to the problem at hand was 

discussed. Although encountering several hurdles during the implementation process is likely, 

the valuation of natural gas storage facilities with the help of MSLP will constitute a feasible 

approach that offers a healthy balance between mathematical meticulousness, computational 

efficiency, and manageability. 

 

However, this thesis’ line of research closes at the presentation and discussion of the proposed 

valuation framework. Its final implementation and the accompanying solution of the 

optimization problem for real storage facilities clearly reach beyond the scope of the thesis at 

hand and were, hence, committed to the practical implementation of the valuation procedure 

in a, for instance, corresponding software package. This thesis, however, has provided a 

sound and elaborate foundation for the subsequent implementation and continuative research 

and, thus, holds valuable insights for academics as well as practitioners. 
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