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Abstract 

Natural gas storage valuation is an optimal scheduling of natural gas storage 

facilities. It is a complex predictive decision making research problem since it 

involves the financial decisions and the physical storage facility characteristics. The 

challenge arises from large scale stochastic input data sets and complex 

mathematical models. Research in the literature has been heavily focused on the 

financial facet of the valuation with little emphasis on the physical storage facility 

characteristics. The mathematical models and the solution approaches provided in 

the literature so far are also either overly simplified or are only relevant for very 

small scale problems. The contribution of this research is on the physical storage 

facility characteristics in combination with the financial aspect of the natural gas 

storage valuation.  

A large scale stochastic non-linear natural gas storage valuation problem that 

includes underground and aboveground storage facilities is formulated and solved 

efficiently. A new heuristic simulation and optimization natural gas storage valuation 

algorithm that handles a very complex and large size problems is proposed. The 

algorithm (i) decreases significantly the computation time from hundreds of days to 

fractions of a second, (ii) provides a reasonable solution quality, and (iii) 

incorporates all the possible underground and aboveground physical gas storage 

facility complexities.  

The research has both practical applications and mathematical significance. 

Practically, natural gas storage facility managers can use the models developed in 
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this research as decision support tools to make a predictive storage decision under 

uncertainty within a reasonable time. Mathematically, a novel perspective to solving 

a non-linear natural gas storage facilities valuation problem is provided. Such an 

approach can be used in a variety of applications; for instance, the algorithm can be 

applied to a high penetration of renewables to electric power grid and fluid flow 

network optimization among others.  

 



1 

 

Chapter 1: Introduction 

In this research, a comprehensive natural gas storage valuation mathematical 

model that has not been addressed in the literature is formulated. Since the model is 

very complex to solve as a single problem, a new heuristic algorithm is developed to 

decouple the problem into two sub optimization problems and solved hierarchically. 

The algorithm reduces the computational complexity of the model significantly at a 

reasonable solution quality. It also behaves in a similar fashion when compared to 

other models in the literature. The details of the research are presented in seven 

chapters.  

In the first introductory chapter, motivation, significance, and the 

contribution of the research to the state of the art is presented. Then review of the 

literature and basic concepts needed to understand the research is presented in the 

second chapter. The core of the research formulation for the underground and 

aboveground storage facilities characteristics is discussed in the third chapter. The 

research problem is formulated in chapter four followed by the research 

methodology in the fifth chapter. A case study problem is solved and interpreted in 

terms of the research requirements in chapter six. The major research findings and 

directions for future research are presented in chapter seven.  

1.1. Motivation of the Research 

The availability of the energy resources has been one of the grand challenges 

of our century (Bardi, 2013). The nations of our earth strive to provide the required 

amount of energy to keep their economy growing (Hossain, 2012). On the contrary, 
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the supply of the energy resources is dwindling (Spreng, Flüeler, Goldblatt, and 

Minsch, 2012). This necessitates the optimal use of the available resources 

accounting for the social, political, geographical, and environmental impacts while 

researching for new types of energy sources (Anadon, Bunn, Gallagher, and Jones 

2009; Holdren, 1999). In addition, scientists and political leaders suggest the need 

for rigorous researches to transition from the use of fossil fuels to renewable energy 

sources. (State of the Union, 2013; Moniz et al., 2011; Greving and Gasterra , 2009; 

Liang, Ryvak, Sayeed, and Zhao, 2012; Biner, Boles, Cwagenberg, Gates, and 

Ilayian, 2014). Among all fossil fuels, natural gas has been proposed by the research 

scientists to be used as the transition fuel from the consumption of fossil fuels to 

renewables because of the following reasons. 

Natural gas is environmental friendly. It is easy to use for cooking, relatively 

clean compared to other fossil fuels such as oil and coal. For example, coal releases 

227 pounds of carbon dioxide to atmosphere per one million Btu (British thermal 

unit) consumption. But natural gas emits 117 pounds of carbon dioxide to provide 

the same amount of energy (Brown, Krupnick, and Walls, 2009; Trembath, Luke, 

Shellenberger, and Nordhaus, 2013). The greenecon.net presents as follows 

Natural gas, because of its low carbon content and high fuel efficiency, 

achieves lower carbon dioxide emissions than oil, propane, or coal. Natural 

gas produces 46% less carbon dioxide than coal and 10% less than oil.  

 Natural gas also provides energy efficient solutions when used for systems 

like modern condensing boiler technology. Its large proportion of hydrogen to 
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carbon content improves the efficiency level of natural gas relative to oil, propane, 

coal, and wood (Beér, 2007).  

Natural gas is abundant in wide geographic locations throughout the world. 

As of 2013, it is estimated that the natural gas reserve worldwide is about 5146 

trillion cubic ft. In the US alone, the available natural gas reserve can last for 

hundred more years at the current consumption rate (Laherrère, 2004; Bary, 

Crotogino, Prevedel, Berger, Brown, Frantz, and Ren, 2002). 

Natural gas is flexible enough to easily transport from one location to another 

either in gaseous form or by converting into liquid or solid. As a result, it is suitable 

to use as a backup energy source to fill the power generation gap created by 

inconsistent power production of renewable energy sources such as wind and solar 

(Moniz et al., 2011; Thomas and Dawe, 2003; Greving and Gasterra, 2009). Moniz 

et al. (2011) describe the importance as follows. 

An additional gas-fired capacity will be needed as backup if variable and 

intermittent renewable, especially wind, are introduced on a large scale. 

Policy and regulatory steps are needed to facilitate adequate capacity 

investment for system reliability and efficiency. These increasingly important 

roles for natural gas in the electricity sector call for a detailed analysis of the 

interdependencies of the natural gas and power generation infrastructures.  

Advantages of natural gas include the potential of easily constructing 

infrastructures to alleviate high transmission congestion and the capability of 

generators to accommodate the picking demand (Balat, 2009).  The flexibility and 

the ease of the use of natural gas will also have the possibility of leading to an 
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innovation of new production process. In addition, natural gas has political 

significance to the United States since the country’s demand will increase by 50% in 

2025 (Reiten, 2003). Issues of import independencies and secure energy supply will 

also arise (Moniz et al., 2011; Hughes, 2011).  

This requires that the natural gas supply chain operation be efficient (Selot, 

2008; Tomasgard, Rømo, Fodstad, and Midthun, 2007).  The storage of natural gas is 

a critical component of the natural gas supply chain that needs to be optimized to 

balance the gas supply and demand (Hoagie, Amorer, Wang, and Economides, 2013; 

Wang and Economides, 2012). Storage allows stable gas flow rate by keeping excess 

production, and filling the gap created by inconsistent power generation of 

inconsistent renewable energy sources such as wind (Moniz, Jacoby, Meggs, 

Armtrong, Cohn, Connors, ... and Kaufman, 2011). There will also be the need for 

new natural gas storage facilities as the existing facilities are not capable of 

accommodating the increase in gas inventory level because of unconventional shale 

gas discoveries (Bowker, 2007). In addition, it is not uncommon to see storage 

facilities that have poor schedule optimization schemes. For example, Baker/Cedar 

Creek Field in Montana is the largest storage field in the United States but it has not 

be efficiently used because of the dwindling production in the nearby gas fields 

(EIA, 2014).  However, the storage scheduling task, otherwise called the storage 

valuation, is a very complex problem because of the high gas price volatility, the 

type and characteristics of the storage facility, the geographic distribution of storage 

facilities, the cycling effect, and the complexity of storage facility characteristics. 
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Unlike other physical products, the amount of gas that can be withdrawn or injected 

to a facility varies non-linearly based on the amount of inventory in the facility.  

1.2. Significance of the Research 

 Natural gas working storage capacity increased nearly by 2 percent in the 

Lower 48 states of the US between November 2011 and November 2012 (EIA 

2014). Demonstrated maximum volume increased 1.8 percent to 4,265 billion cubic 

feet (Bcf). Design capacity increased 2.0 percent to 4,575 Bcf. By 2020, 650 Bcf of 

additional natural gas working capacity will be needed. In addition, the annual 

investment in storage of $10 and $20 billion is required for the next fifteen years 

(Boogert and Jong, 2008). The U.S. Department of Energy proposed five major areas 

of research to cope up with the storage need increases. One of the research areas is 

the innovative modeling of natural gas storage injection and withdrawal techniques 

(Levin, 2011). This research addresses a new solution approach to resolve the 

complexity associated with the injection and withdrawal technique that will 

contribute to the nation’s research goals.  

1.3. Contribution of the Research  

This research focuses on the integrated underground and aboveground 

storage facilities characteristic problem formulation and solution approach. The 

aboveground storages are the pipelines and the storage tanks. The underground 

storage facilities are the salt caverns, the depleted reservoirs, and the aquifers. Salt 

caverns are far away from majority of the demand regions. However, they require 

low base gas, and have high deliverability and high injection rates. The inventory 
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turnover capability of salt cavern is usually 6 to 12 times per year. They are also 

capable of daily production and injection.  Depleted reservoirs are widely available 

in the United States. However, they require high base gas compared to salt caverns. 

On the other hand, aquifer storage facilities are located close to customers but they 

require the highest amount of base gas relative to salt caverns and depleted 

reservoirs.   

The main challenge for the gas storage facilities managers is to make optimal 

decisions of how much gas to inject, hold, or withdraw to maximize profit over a 

wide time window for any combination of the storage facilities they manage. Since 

making storage decisions over a wide time window and multiple storage facilities 

will increase to the complexity of the problem, there is a need for an efficient way of 

solving the problem. The natural gas storage valuation optimization models 

developed in the literature so far are either overly simplified or are impossible to 

solve for large scale problems. In this research, I develop a new algorithm that 

incorporate the complexities of natural gas storage facilities and reliable to solve a 

large scale problem. The algorithm significantly decreases the computation time 

from hundreds of days to a fraction of a second for hundreds of stochastic parameter 

realizations. The algorithm also provides a reasonable solution quality. This 

approach is simple and robust with regard to gas storage valuation industry 

application. Simple in a sense that a systematic method to solve a stochastic dynamic 

non-linear large scale gas storage valuation problem within few seconds is proposed. 

The algorithm developed is robust because it provides a consistent solution quality. 
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The gas storage valuation models developed in the literature so far are not 

comprehensive to capture the combinations of the underground storage facilities and 

the aboveground storage facilities.  I formulate a flexible mathematical model that 

combines the various underground storage facilities and aboveground storage 

facilities in this research. This will provide storage facility managers the flexibility to 

easily switch from the use of one type of facility to another, or to optimize the 

storage decision for all the underlying facilities simultaneously. The algorithm 

developed also provides an optimal selection of the storage facilities.  

None of the mathematical models developed so far worked on combinations 

of different storage facilities, including the cycling effects of the storage facilities. 

The algorithm I develop decompose the decision making strategies based on cycling 

effect of the storage facilities. For example, if a storage option required is just for 

few hours, the pipeline facility is explored first. The decision maker can also decide 

the sequence of the storage facilities they want to use for a specific time period. 
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Chapter 2: Literature Review 
In this chapter, the general concepts of natural gas, a brief description of 

systems modeling, simulation, optimization, and review of related researches are 

presented. 

2.1. General Concepts 

2.1.1. Brief History of Natural Gas 

Natural gas is a colorless and odorless, non-renewable fossil fuel. It contains 

about 95% of methane in its pure form. Other compositions of natural gas are ethane, 

propane, butane, pentane, nitrogen, carbon dioxide, water vapor, and traces of other 

gases (Katz, 1959; Ludtke, 1986). The discovery of natural gas dates back to Middle 

East in Iran between 6000 and 2000 BC. It was then recognized around 900 BC in 

China. However, China drilled the first natural gas well in 211 BC. In Europe, the 

Great Britain scientists were pioneers to discover natural gas in 1659. But it appeared 

on European market after 1790. William Hart was named the father of natural gas  in 

the United States after he dag the first natural gas well in 1821 (Katz, 1959; Ludtke, 

1986; Mokhatab, William , and Speight, 2006). 

Natural gas was named a ‘trouble maker’ before fully recognized as a usable 

energy source. Coal and oil miners used to halt well drilling operations and evacuate 

the workers when gas came out of the drilling wells. Lighting also contributed to the 

discovery of natural gas. People were wondering why gas leaks were ignited by 

lightning. The use of natural gas started significantly in 19th century after the 

availability of crude oil had started dwindling. But the consumption was limited to 

http://www.google.com/search?hl=en&client=firefox-a&hs=yuo&rls=org.mozilla:en-US:official&tbm=bks&q=inauthor:%22Saeid+Mokhatab%22&sa=X&ei=pAp6T8rGHOLm2gW20ZG2Bg&ved=0CCcQ9Ag
http://www.google.com/search?hl=en&client=firefox-a&hs=yuo&rls=org.mozilla:en-US:official&tbm=bks&q=inauthor:%22Saeid+Mokhatab%22&q=inauthor:%22William+A.+Poe%22&sa=X&ei=pAp6T8rGHOLm2gW20ZG2Bg&ved=0CCgQ9Ag
http://www.google.com/search?hl=en&client=firefox-a&hs=yuo&rls=org.mozilla:en-US:official&tbm=bks&q=inauthor:%22Saeid+Mokhatab%22&q=inauthor:%22William+A.+Poe%22&q=inauthor:%22J.+G.+Speight%22&sa=X&ei=pAp6T8rGHOLm2gW20ZG2Bg&ved=0CCkQ9Ag
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small radius of production areas because of the unavailability of good infrastructure 

to transport over long distances. After World War II, with technological capability to 

produce leak preventing couplings, transmission pipelines, and reliable storage 

systems helped the distribution to long distances (Mokhatab et al., 2006). 

Natural gas is mainly consumed in industry, electric power, residential, 

transportation, and commercial centers. According to Future of Natural Gas report by 

Moniz et al. (2011), natural gas consists 23.4% of the total energy supply in 2009. 

Major portion of the supply is used in industry (32%), residential and commercial 

(35%), and electric power (30%); while only 3% is used in transportation sector. 

2.1.2. Natural Gas Supply Chain 

The success of a company depends on an effective design of its supply chain 

network (Klibi and Martel, 2009). A well designed supply chain links maximize the 

overall value generated (Award, 2010). The values are optimized across the whole 

process from the supplier to the end users, which includes production, transportation, 

storage, and distribution to customers. Supply chain consists of all bodies that are 

directly or indirectly involved in the product movement/service delivery process, to 

satisfy a customer demand (Chopera and Meindl, 2007). Similar to any other 

industry, natural gas has a complex supply chain network that needs to be optimized 

(Tomasgard, Rømo, Fodstad, and Midthun, 2007; Midthun, Bjørndal, and 

Tomasgard, 2009). The major elements of the natural gas supply chain include 

exploration, drilling, gathering, processing, transmission, storage, metering, and 

distribution to end users. A visual representation of Chesapeake natural gas supply 

http://www.google.com/search?hl=en&client=firefox-a&hs=yuo&rls=org.mozilla:en-US:official&tbm=bks&q=inauthor:%22Saeid+Mokhatab%22&sa=X&ei=pAp6T8rGHOLm2gW20ZG2Bg&ved=0CCcQ9Ag
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chain taken from Moniz et al. (2011) report is presented in Figure 1 below, followed 

by brief descriptions of each component.  

 

   Figure 1. Natural gas supply chain schematic diagram 

  Source: Moniz et al. (2011)  
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Exploration 

Exploration is the process of searching for natural gas deposits before making 

drilling decisions.  The search is based on geological surveys and geophysics. 

Geologists study the structure of a surface for an indication of the presence of gas 

deposits. Then they use devices such as seismic exploration, onshore seismology, 

offshore seismology, magnetometers, and gravimeters to further investigate the 

presence of gas. Precision of the exploration depends on the type of the instrument 

used, and the number of samples taken. This requires a detailed decision analysis 

techniques before making a drilling decision (Kaufman, 1963; Pirson, 1963; Bielak 

and Steeb, 1999). 

Drilling 

After an indication of the natural gas deposit presence is confirmed, a gas 

well is drilled to bring up the gas for processing. Factors such as onshore or offshore 

drilling, the geological formation of the deposit, and the drilling technology affect 

the drilling performance. Drilling is not without risk mostly because of exploration 

false alarms. Sometimes the exploration analysis results indicate the availability of 

gas deposit when there is actually no gas reserve in the underlying area. There might 

also be way lesser than the amount of gas reserve estimated (Mokhatab, William , 

and Speight, 2006; Skogdalen and Vinnem, 2012; Li, Yu, Liu, and Gao, 2008).  

Gathering 

Once the gas is extracted out of the ground, it is sent to processing centers. 

The main concern in this stage of the supply chain in that the gathering system may 

http://www.google.com/search?hl=en&client=firefox-a&hs=yuo&rls=org.mozilla:en-US:official&tbm=bks&q=inauthor:%22Saeid+Mokhatab%22&sa=X&ei=pAp6T8rGHOLm2gW20ZG2Bg&ved=0CCcQ9Ag
http://www.google.com/search?hl=en&client=firefox-a&hs=yuo&rls=org.mozilla:en-US:official&tbm=bks&q=inauthor:%22Saeid+Mokhatab%22&q=inauthor:%22William+A.+Poe%22&sa=X&ei=pAp6T8rGHOLm2gW20ZG2Bg&ved=0CCgQ9Ag
http://www.google.com/search?hl=en&client=firefox-a&hs=yuo&rls=org.mozilla:en-US:official&tbm=bks&q=inauthor:%22Saeid+Mokhatab%22&q=inauthor:%22William+A.+Poe%22&q=inauthor:%22J.+G.+Speight%22&sa=X&ei=pAp6T8rGHOLm2gW20ZG2Bg&ved=0CCkQ9Ag
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not be efficient. There are several ways of gathering systems of which one is through 

pipelines. If pipeline is used for gathering, the pipeline network that connects the gas 

wells to the processing plant must be optimized based on the pipeline capacity and 

distance (Peretti and Toth, 1982; Johnson, Gagnolet, Ralls, and Stevens, 2011; 

Mokhatab and Poe, 2012).  

Processing 

Processing is the method of converting the natural gas into a useable form by 

removing the toxic substances that are mixed with the unprocessed gas before use by 

consumers.  Location of a natural gas processing plant is an important issue to 

consider in addition to the location of end users, the current and the future discovery 

of gas deposit, the environmental factors, and geographical locations before making 

a processing plant location decision (Devold, 2006; Kidnay, Parrish, McCartney, 

2011; Baker and Lokhandwala, 2008). 

Transmission 

The term “transmission” is more often used to describe the transportation of 

processed gas to distribution centers and customers through pipelines or tanks even 

though it is used for gas gathering as well. Gas is mostly transported via pipelines 

through interstate or intrastate to satisfy customers’ demand (Gunes, 2013; Mokhatab 

et al., 2006; Contesse, Ferrer, and Maturana, 2005). Refer to the Future Research 

Directions of this research for a potential research area of natural gas transmission 

through pipelines. 

http://www.google.com/search?hl=en&client=firefox-a&hs=yuo&rls=org.mozilla:en-US:official&tbm=bks&q=inauthor:%22Saeid+Mokhatab%22&sa=X&ei=pAp6T8rGHOLm2gW20ZG2Bg&ved=0CCcQ9Ag
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Storage 

Storage plays a vital role in natural gas supply chain network. The Federal 

Energy Regulatory Commission report describes the importance of gas storage as a 

key component of the natural gas grid that helps to maintain reliability of gas 

supplies during periods of high demand. Storage can help local distribution centers to 

maintain adequate supply during periods of heavy demand by supplementing 

pipeline capacity, and can serve as backup supply in case of interruptions in 

wellhead production. On the other hand, excess gas is stored when there is surplus 

production (FERC, 2011; Katz and Tek, 1981; Quinn and MacDonald, 1992; 

Mokhatab and Poe, 2012). 

Marketing and Distribution 

The final end point of the natural gas supply chain is the customer, similar to 

any other product. The major users of natural gas are: residential, commercial, 

industry, electric power, and transportation. The main challenges in distribution are 

demand forecast, location of local distribution companies, and distribution network 

design (Chin and Vollmann, 1992; Guldmann and Wang, 1999; Muthuraman, 

Aouam, and Rardin, 2008).  

Metering  

The flow of gas through pipeline is measured to verify the amount of gas that 

is delivered to customers. The measurements are commonly taken by gas measuring 

device such as orifice meters. However, the accuracy of the measurement depends on 

the type of the device used. A great care should be taken since a one percent error in 
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measurement accuracy of natural gas in a pipeline that delivers 300 MMcf per day at 

45 cents per Mcf may cost a half million dollar a year(Kouba,1986; Scelzo, 2001; 

Ragle, Hayes, King, and Johnson, 2001). 

2.1.3. Systems Modeling, Simulation, and Optimization 

A system is an integration of activities that interact to accomplish a specific 

task. A model is a representation of a system. Systems modeling is the representation 

of a real systems using physical model or mathematical model. A physical model is 

usually building a blueprint of the system. A mathematical model comprises of 

computer simulation and analytical solutions. Mathematical models can represent 

either deterministic or stochastic systems, or both. For a given system, one can either 

experiment with the actual system or experiment with a model of the system. (Law 

and Kelton, 1991; Maria, 1997).  

Deterministic systems models are used under the assumption that all the 

system variables can be determined at the moment of decision making. This type of 

models are relatively easy to solve. However, in real life, system parameters are 

usually difficult to determine because of system noise, non-linearity, and high 

dimensionality. Under such conditions, stochastic based decisions are more relevant. 

Stochastic decisions are described by stochastic processes. A stochastic process is 

defined as the mathematical abstraction of an empirical process whose development 

is governed by probabilistic laws such as the Poisson and exponential distributions 

(Gross and Harris, 1962; Lasota and Mackey, 1985).   
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Simulation Modeling 

Simulation is the act of mimicking the operation of real world system in a 

computerized laboratory environment. Simulation plays a vital role in evaluating 

systems performance in complex systems where it is very difficult to apply analytical 

methods. Analytical approach is mathematical models such as linear programming, 

differential equation or probability distribution that gives us ‘exact’ solution to a 

specific problem. Solving complex problems using analytical approaches may 

require lots of simplified assumptions. But the final solution might be sufficient or 

‘inferior’ for implementation. On the other hand, there is no guarantee that 

simulation outputs arrive at best solution; but it is possible to increase the precision 

by increasing the number of simulation run (Roberts, Andersen, Deal, Garet, and 

Shaffer, 1983; Vangheluwe, 2004; Chen and Lee, 2010).  

Simulation is classified into three categories: static or dynamic, deterministic 

or stochastic, and discrete or continuous simulation. Static simulation is the 

representation of a system at a particular point in time using techniques such as 

Monte Carlo models. Dynamic simulation represents a system as it evolves over a 

period of time. A good example of dynamic simulation can be a conveyor system in 

a factory. The inputs to simulation models are either determined before use or 

random values that are generated using some probabilities. The simulation model 

which has a probabilistic input is classified as stochastic simulation; whereas, the 

models that does not contain any random values are categorized under deterministic 

simulation. The customer arrival to a shopping store is a good example of a 

stochastic simulation. When the dependent variables of a simulation changes 
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instantaneously at specified point in simulation time such as a bank teller status 

change, it is termed as discrete simulation. On the other hand, continuous simulation 

deals with the variable change continuously over a period of time. The change in 

speed of an accelerating car with respect to time can be one example of continuous 

simulation. Most systems are modeled based on combination of two or more of the 

above simulation categories (Law and Kelton, 1991; Pritsker and O’Reilley, 1999; 

Winston, 2004). 

Representation of a system performance is based on the effectiveness of the 

simulation modeling. Gross and Harris (1985) classify simulation modeling into 

three main phases: data generation, bookkeeping, and output analysis. The data 

generation involves the arrivals, the service rates, the length of queue, and the 

throughput of the system. The bookkeeping phase is associated with updating and 

monitoring when new events such as arrival and departure occur in a system. 

Optimization  

Dating back to the invention of linear programming by George Dantzig in 

1947, optimization tools have become very popular to solve complex problems to an 

optimal or near optimal solutions. The classes of exact optimization algorithms solve 

a problem optimally. While a group of heuristic algorithms provide a near optimal 

solutions. Some of the exact algorithms include simplex algorithm, Branch-and-

Bound algorithm, Cutting-plane algorithm; and heuristic algorithms include tabu 

search, genetic algorithms, and simulated annealing. They are used in several areas 

of research to optimize supply chain performance, such as distribution network 

optimization. The exact algorithms are used for linear and integer problems that can 
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be solved in polynomial time. Problems that cannot be solved in polynomial time 

using exact methods are solved by heuristic algorithms to find a near optimal 

solution in a reasonable time. Most optimization problems in energy industry are one 

of those problems that cannot be solved in polynomial time (Pardalos, Rebennack, 

and Scheidt, 2009; Dantzig, 1963; Gill, Murray, and Wright, 1981; Rardin and 

Uzsoy, 2001). 

2.2. Natural Gas Storage Valuation 

Natural gas storage valuation is the planning of natural gas storage facilities 

(Felix and Weber, 2012). Natural gas storage valuation is a very difficult 

optimization problem since is highly affected by financial aspects and physical 

aspects of natural gas storage facility characteristics. The financial aspects include 

the gas price dynamics and the gas storage lease policies. The physical aspect of the 

storage valuation are the complex storage facilities constraints. These are the 

inventory balance dynamic constraint, the non-linear flow rate constraint, the storage 

facility capacity constraint, and the supply and demand uncertainties. The injection 

and withdrawal capacities vary non-linearly based on the storage inventory level. 

Gas storage valuation takes into account gas stock level (Makassikis et al., 2007). 

The stock level is directly affected by the injection and withdrawal injection rates 

(Ikoku, 1980; Thomson et al., 2009). There are several techniques used to determine 

how much natural gas inventory to hold, inject or withdraw from a storage facility. 

The common techniques in the literature are Monte-Carlo simulation, partial 

differential equations, binomial and trinomial trees (Holland, 2007). Partial 

differential equations and binomial trees provide precise solutions but cannot handle 
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large size problems. Monte-Carlo simulation can be used to analyze large size 

problems but it only provides good (not optimal) solution. Increasing the simulation 

accuracy requires large number of runs which can be very expensive and time 

consuming.  

Guldmann (1983) is one of the pioneer to explore the valuation of natural gas 

storage valuations combined with purchases and service reliability. Guldmann 

implemented a chance-constraint programming approach to optimize the level of gas 

storage for a single depleted reservoir, a single supplier, and multiple consumers. 

The suppliers are pipeline transmission companies, and the supply on any given day 

does not exceed an average of historic data. The consumer demand is considered to 

be uncertain. The reservoir inventory level vs. withdrawal/injection characteristics is 

modeled as a linear relationship based on historic storage data. Regression models 

are developed to estimate gas demand taking the monthly weather uncertainty into 

consideration. The information provided to the decision makers, natural gas 

distribution companies, is storage decision scenarios along with their respective 

costs. Several years later, Guldmann extended the research to multiple suppliers 

(Guldmann, 1986). 

A year after Guldman, Caton used a simulation model to estimate daily gas 

storage valuation. However, Gulman explored the valuation of liquefied natural gas 

(LNG) and pipeline storage decision making requirements.  Temperature and historic 

demand data are used to develop a linear regression model. The model is simulated 

to forecast future demand. Random numbers are generated to estimate the over-
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forecast and the under-forecast situations, but the details of performance evaluation 

is not presented (Caton, 1984).  

Thompson and his colleagues proposed a new gas storage valuation 

technique for a single salt cavern storage facility. They took into consideration the 

fluid dynamics and thermodynamics effect of storage facility in their formulation and 

implemented using partial-integro-differential equation. They predicted gas prices to 

decide how much gas to store. However, it is impossible to solve a large scale 

problem because of the complexity of the algorithm (Thompson et al., 2009) 

Holland developed a similar storage optimization model based on pre-print 

version of Thompson et al. formulation preprint research paper. But Holland used the 

combination of stochastic simulation and support vector machine for the price 

prediction. He used Monte-Carlo simulation for the long term price prediction, and 

support vector regression for short term price prediction. The optimization algorithm 

is based on integer programming. The storage facility complexities are overlooked in 

the research (Holland, 2007).  

Carmona and Ludkovski considered the valuation of natural gas on finite 

horizon which is similar to Thompson et al. (2009) pri-print version. They focused 

on timing optionality of storage to construct optimal switching problem with 

inventory. They used Monte-Carlo regressions. Assuming the gas can be bought and 

sold on the spot market, they attempted to maximize profit given the operational 

constraints (Carmona and Ludkovski, 2005).  
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Because of the complex storage valuation, Makassikis et al. developed 

parallel computing algorithm based on stochastic control algorithm. Since the gas 

storage valuation is a stochastic dynamic programming problem, parallelism is not 

an easy method to approach the problem (Makassikis,Supelec, Vialle, and Warin 

2007) 

Boogert and Jong used Monte-Carlo method for gas storage valuation for a 

single salt cavern storage facility. They included in their model the effect of price 

dynamics and the physical storage facility characteristics. After running experiments 

for multiple injection and withdrawal rates, they concluded that fifty price 

realizations are enough to capture price realization for each simulation run (Boogert 

and De Jong, 2008).  

Lai, Margot, and Secomandi (2010) compared an approximate dynamic 

programming with a practice-based heuristic algorithm. They developed an efficient 

approach for a gas storage valuation which can also be applied to other commodities 

but they did not take into account the effect of inventory levels on injection and 

withdrawal rates, and the gas loss. The idea of the research is heavily based on the 

comparison of the optimal and heuristic natural gas storage valuation of Secomandi 

(2008). 

From the financial aspects of the storage valuation, many research have been 

carried out to predict the natural gas price. Some of the techniques are neural 

network (Doris, 1999), regression models (Solomon, 2001), principal component 

analysis (Bjerksund, Stensland, and Vagstad, 2008) time series and non-parametric 
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approaches (Mishra, 2012). Based on historic natural gas data, researchers proposed 

different models in different time periods. For example, Pindyck (2001) used 75 

years of data (1919-1996) to see what type of model is more reliable for long term 

gas price prediction. He suggested that energy prediction models should incorporate 

mean reversions to stochastic changes.  From 1991-2004, German (2007) confirmed 

the Pindyck’s conclusion. The pricing is determined based on gas energy demand 

and supply forecast. Factors that affect supply include but not limited to natural gas 

production amount uncertainty, amount of gas import and export, and natural gas 

availability in storage. For example, Street, Barroso, Chabar, Mendes, & Pereira 

(2008) developed a gas supply contact pricing model associating with thermal power 

plant as a supply dependent. Gas demand may also be affected by sources of energy 

prices such as oil, change weather condition including extreme events, and economic 

growth (Wong-Parodi et al., 2006; Herbert 1993Mu, 2007). Since most of the natural 

gas consumed in the United States is produced with in the country, US natural gas 

price is highly affected by domestic production. Hurricane and other severe weather 

conditions also affect natural gas supply. During winter seasons and extreme summer 

seasons, the gas demand goes up and the gas prices likewise (Rogel‐Salazar and 

Sapsford, 2014).Then when the weather is leveled the demand goes down which 

takes the price down. Prices also fluctuate when consumers switch from the use of 

one form of energy to another.  
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Chapter 3: Natural Gas Storage Facility Modeling 

3.1. Overview 

Natural gas is stored aboveground or underground depending on the 

availability and the needs of the storage facilities. Pipelines and tanks are the most 

common aboveground storage facilities. The aboveground storages are mostly 

located in highly congested regions. Salt cavern, depleted reservoir, and aquifers are 

the widely used underground storage facilities. Underground storages are usually 

used to satisfy long term demands while aboveground storages are for short term 

demands.  

Storage facility modeling techniques used in the literature are Wymonth 

equation, flow rate equation, gas law principles, and Bernoulli's principles among 

others (Ikoku, 1980; Scelzo, 2001; Coelho and Pinho, 2007). There are several 

factors taken into consideration for the modeling purpose. These are base gas 

requirement, working gas capacity, deliverability, injection rate, formation, and 

property of the storage facility materials. 

Base gas is used as cushion in underground storage facilities. It maintains 

reservoir pressure though out the facility service period. The common misconception 

is that base gas is sometimes referred as a safety inventory. However, base gas is 

added to the facility at the beginning of the facility usage and removed at the end of 

the usage. For some facilities it is possible to recover portion of the base gas if not all 

of it at the end of the facility usage as some of the gas inside the facility may escape 

through porous structure of the storage facility. Different facilities have different 
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base gas requirements. Base gas for salt cavern comprises of 20-30% of the total 

storage capacity. For depleted reservoirs it is up to 50% while it is 50-80% for 

aquifers (Gumrah, Izgec, Gokcesu, and Bagci, 2005; Azin, Nasiri, and Entezari, 

2008).  

Working gas capacity is the space available for gas inventory that can be 

depleted and replenished during the storage period. The working gas inventory at any 

time is the difference between the total gas available in a storage facility minus the 

base gas.  

Injection rate is the rate at which gas is added to a storage facility. The 

maximum injection rate of a facility can be determined by experimentation. 

Withdrawal rate is the rate at which gas can be removed from a storage facility. 

Similar to the maximum injection rate, the maximum withdrawal rate can also be 

determined experimentally. In the literature, the gas withdrawal rate is usually 

referred to as production rate or deliverability. From the basic principles of fluid 

dynamics, injection rate reaches maximum when the storage facility is empty, 

keeping constant other factors such as temperature and force of injection. On the 

contrary, withdrawal rate attains its maximum when the storage facility is at the 

maximum gas holding capacity (Menezes, 2001; Kuye and Ezuma, 2008).  

For storage facility contractors, the scheduling of a facility has a 

consequential effect on the profit when they make decisions such as how much gas 

to inject, hold or withdraw every day to maximize profit over a storage time window. 
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The storage facility is also required to be emptied at the end of the lease; and the 

stored gas has to meet demand.  

As of 2013, about 400 underground natural gas storage sites were operational 

in the United States. In the same year, four new storage facilities were added to 

Michigan, Mississippi, Pennsylvania, and West Virginia one for each. About 18 

existing storage facilities were expanded and two were closed (EIA, 2014). The 

storage facilities for each of the six US regions are shown on Figure 2 below. The 

distributions are: Central (49), Midwest (121), Northeast (110), Southeast (34), 

Southwest (66), and Western (20). The star symbols show the depleted reservoir, the 

circular dots show the salt caverns, and the triangular dots show the aquifers. 

Cumulatively, there are about 550 underground storage facilities worldwide (Bary et 

al., 2002).  

Midwest region storage facilities serve Illinois, Indiana, Michigan, and Ohio. 

This region has the largest number of storage facilities in the States, which is 121. 

Pennsylvania and New York are the major transit area for Northeast storage facility. 

They do have also largest underground storage capacity, including West Virginia. 

These regions provide more supply from storage facilities. As a result, there are more 

pipelines that leaves the states than those enter into the states. Most of the storage 

facilities are near to production fields, and used to balance the production flow when 

market demand fluctuates. Midwest region has the largest storage facility compared 

to all the other regions. This is because of large population size, cold winters, and 
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large natural gas pipeline systems. The Southwest Region is the second because of 

large salt formation of high natural gas production level (EIA, 2014). 

 
   Figure 2. Distribution of underground storage facilities in the U.S. 

 

3.2. Underground Storage 

Very large portion of natural gas is stored in underground storage facilities. 

As mentioned earlier, these underground storage facilities are the salt cavern, the 

aquifer, and the depleted reservoir. The storage capabilities vary from facility to 

facility. Hence, the storage facility owners or contractors consider the benefits and 

the drawbacks of the facilities to decide which facility to use. The major storage 

facility attributes are injection and deliverability rate, base gas requirement, and 
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distance from market. Ikoku (1980) puts the relationship between some of the 

attributes as follows. 

A major consideration in storage operation is the relationship between 

cushion gas and working gas. Because cushion gas provides the reservoir 

energy to support storage deliveries and maintain proper deliverability rates, 

it is a necessary segment of the reservoir. The ratio of base gas to working 

gas varies from reservoir to reservoir, and from time to time, depending upon 

operating conditions. 

Depleted reservoirs are widely available. There are about 326 in the United 

States as of 2011. Eighty two percent of the storage facilities were of this category 

(EIA, 2014). These facilities are converted to storage after production of either oil or 

gas. They have infrastructures already built during the gas extraction, which can be 

used for storage. But they require high base gas. The other storage facility is salt 

domes/caverns. These are mainly located in the gulf coast, far from market. But they 

have low base gas requirements and high deliverability and injection rates. "It has 

deliverability since there is no pore compared to depleted reservoirs. In addition, salt 

formation has moderately high strength and deforms plastically to close fractures that 

could otherwise cause gas leaks. Its porosity and permeability to liquid and gaseous 

hydrocarbons are near zero, so stored gas cannot escape," (Barajas and Civan, 

2014).The flexibility of a salt cavern facility to respond to short term supply and 

demand is the major advantage to consider. Owner of this facility can use the 6-12 

cycles per year advantage. On the other hand, aquifer storage facilities are located 

close to customers but they require high base gas which is about 80%, and this 

cannot be recovered. It also requires high control during storage and withdrawal.   
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Various components of storage come together to model a storage facility. 

These components are underground reservoir, injection wells, withdrawal wells, 

injection-withdrawal wells, observation wells, gathering system, compressor facility, 

metering facility, dehydrator, and transmission line to pipelines (Flanigan, 1995; 

Buschbach and Bond, 1974; Knepper, 1997).  

Researchers model underground storage facilities based on the 

aforementioned characteristics with minor differences from one research to another 

research problem. For example, the capacity of depleted oil reservoirs for gas may be 

modeled as follows. Refer to (Katz, 1959; Flanigan, 1995; Aminian & Mohaghegh, 

2009) for more information.  

Given the following variables,  

∆𝑁 = oil produced in bbl 

𝑉= volume of gas to replace oil produced, Mcf 

P = reservoir pressure, psia  

T = reservoir temperature, oR 

Z = compressibility factor for gas  

𝐵0 = formation volume factor  

The formation volume factor is the ratio of the reservoir volume to the volume of the 

residual oil remaining after pressure has been depleted to atmospheric and the oil 

cooled to 60 Fahrenheit degrees.  

Then 

V = 
5.16 ∆𝑁𝐵0

1000
(

𝑃

14.65
) (

520

𝑇𝑧
)= 0.199

∆𝑁𝑃𝐵0

𝑇𝑧
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Steady and unsteady state flow in reservoir  

Flow through porous media in a reservoir may be treated as steady- state 

when conditions do not change with time or as unsteady-state when conditions do 

change with time. Pressure depletion of a gas field upon a gas withdrawal is 

unsteady-state phenomenon; however, under certain conditions, steady-state flow 

formulas find considerable use. Such condition might include flow in areas adjacent 

to a producing well or flow from a well that is said to have become stabilized 

(Janson, 2013; Sarkar, Toksoz, and Burns, 2002) 

Steady state flow equation 

The following is based on Darcy’s law. “The ability of porous media to 

conduct fluids through their interstices is known as permeability. The unit of 

permeability is called a darcy; 0.001 darcy is termed a millidarcy (Coelho, and 

Pinho, 2007). The permeability is represented by K. In predicting the capacity of oil 

wells for gas injection or production, the flow rate and flowing bottom home hole 

pressure on the oil well are desired. The flow equations for oil and gas can be 

combined as follows.  

ℎ𝐾

ln (
𝑟2
𝑟1⁄ )

=  
𝑄0𝐵𝑢0

0.00708(𝑃1 − 𝑃2)
 

Where 𝑄0= oil flow rate, bbl/day( of stock-tank oil) 

𝐵 = formation volume factor  

𝑢0 = oil viscosity, centipoises  

𝑃1 =  reservoir pressure, psia  

𝑃2 = flowing bottom hole pressure, psia  
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ℎ𝐾 =  thickness-permiability product, millidarcy-ft  

𝑟2 = well bore radius, ft 

𝑟1 = reservoir radius, ft 

ℎ𝐾

ln (
𝑟2
𝑟1⁄ )

=  
𝑄𝑧𝑇𝑢𝑔

0.00703(𝑃1
2 − 𝑃2

2)
 

Q = gas flow rate, Mcf/day 

Z = compressibility factor at average reservoir conditions 

T = reservoir temperature. oR 

𝑢𝑔 = gas viscosity 

Combining the oil and gas equations,  

𝑄 =  
0.0993𝑄0𝐵𝑢0 (𝑃1

2 − 𝑃2
2)𝑔

𝑧𝑇𝑢𝑔(𝑃1 − 𝑃2)0
 

Similarly, the storage of gas in aquifers can be formulated. When gas is 

stored in an aquifer, gas pressure in the reservoir must be maintained higher than the 

original water pressure to force any water into the aquifer (Wattenbarger, Startzman, 

and Gajdica, 1988). During the initial injection gas into a water well, pressure from 

100 to 300 psi above the water reservoir may be required to start gas entering the 

porous rock. Once gas has started flowing, the usual flow considerations for gas 

apply. The rate at which gas can be injected at some fixed gas-bubble pressure is 

determined by the aquifer behavior in the unsteady-state process. The solution to the 

unsteady-state flow equation is as follows. 

𝑞 = 6.283∅𝐶𝑤𝑅𝑔
2ℎ(𝑃𝑔 − 𝑃𝑓)𝑄𝑡 

𝑞 = water movement from gas bubble, cu ft. 

∅ = fractional porosity of formation  

𝐶𝑤 = compressibility of water including formation, volumes/(volume)(psi) 
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𝑅𝑔 =  radius of gas bubble, ft 

ℎ = formation thickness, ft 

𝑃𝑔 =  pressure on gas bubble  

𝑃𝑓 =  initial water pressure  

𝑄𝑡 =  a function of dimensionless time  𝑡𝐷 obtained from standard tables 

𝑡𝐷 = dimension less time = 
0.00632 𝐾𝑡

∅𝜇𝐶𝑤𝑅𝑔
2  

𝐾 = permeability of formation, millidarcys 

𝑡 = time from beginning of pressure maintenance, days 

𝜇 = water viscosity, centipoises 

To use the equations, the compressibility of water and the reduction of pore 

volume with pressure decrease are needed. Solution gas increases the compressibility 

of water by 20 percent for each 20 cu ft/bbl dissolved in water (Flanigan, 1995).  

3.3. Aboveground Storage 

Very small amount of gas is stored aboveground. This can be stored in 

pipelines or storage tanks as mentioned earlier. 

Pipelines  

Pipelines are used for intra-state and inter-state transportation of natural gas. 

They can also be used for storage, usually to satisfy short term demands. The 

pressure in the pipeline is reduced when there is no demand. On the other hand, the 

pipelines operate at maximum capacity during high demand seasons. “Gas pipeline 

systems are often used as temporary natural gas storage facilities. Intermediate 

natural gas compression stations enable the pressure in the main pipeline system to 

be raised appreciably (from 300 to 1000 psia with a corresponding rise in the amount 
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of gas stored in the pipes). Quantities of natural gas which are not required at that 

moment by utilities are in this way stored in pipeline systems. When natural gas 

demand increases, then stored gas can be supplied to utilities by lowering the 

pressure in the pipeline system (from 1,000to 350 psia, as a typical example). 

Pipeline storage is important for compensating peaks in demand which have time 

intervals of few hours” (Ikoku, 1980). During colder seasons pipeline plan to 

maintain more than normal line pack. In addition, compressor operations also need to 

be optimized.  

The pipeline capacity can be modelled by Weymouth equation.  Weymouth 

states “the storage capacity of natural gas pipeline as the difference between the gas 

contents of the pipeline under packed and unpacked conditions. Packed is when 

withdrawal from the line is at minimum and the discharge pressure is maximum. 

Unpacked when withdrawals are maximum and pressure is a minimum for a constant 

supply of gas to the line” (Katz, 1959). Hence, the storage capacity of a gas-

transmission line can be calculated by using the following formula for the content of 

a natural gas pipeline under condition of isothermal flow. A steady flow equation.  

 𝑄ℎ = gas flow rate. Ft3/hr at Pb and Tb 

𝑇𝑏 =  base temperature, oR. 

𝑝𝑏 =  base pressure, psia 

𝑝1 = inlet pressure, psia 

𝑝2 =outlet pressure, psia  

𝐷 = inside diameter of pipe, in. 

𝐺 = gas specific gravity (air = 1) 
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𝑇 = average flowing temperature, oR. 

𝑓 =Moody friction factor  

𝐿 = length of pipe, miles  

𝑍̅ = gas deviation factor at average flowing temperature and average pressure.  

𝐿 =  volume of gas  

𝑄ℎ = 3.23
𝑇𝑏
𝑝𝑏
[
(𝑝1

2 − 𝑝2
2)𝐷5

𝑓𝐺𝑇𝐿𝑍̅
]

0.5

 

 

Where (
1

𝑓
)
0.5

= transmission factor, and Weymouth proposed that 𝑓 varies as a 

function of diameter in inches as follows.  

𝑓 =
0.032

𝐷
1
3⁄
  

Substituting 𝑓 into the original equation will give us the following. 

𝑄ℎ = 18.062
𝑇𝑏
𝑝𝑏
[
(𝑝1

2 − 𝑝2
2)𝐷

16
3⁄

𝐺𝑇𝐿𝑍̅
]

0.5

 

 

Or it can be written as 

 

𝑝1
2 − 𝑝2

2 = 𝐿 
𝑄ℎ
2𝑝𝑏

2𝐺𝑇𝑍̅

326.24𝑇𝑏
2 

 

Then,   

𝑝1 = √𝐿 
𝑄ℎ
2𝑝𝑏

2𝐺𝑇𝑍̅

326.24𝑇𝑏
2 + 𝑝2

2  

 

It is easy to show the daily flow rate (𝑄𝑑) as well.  

 

𝑄𝑑 = 433.488
𝑇𝑏
𝑝𝑏
[
(𝑝1

2 − 𝑝2
2)𝐷

16
3⁄

𝐺𝑇𝐿𝑍̅
]

0.5
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The volume of gas (𝑑𝑉) contained in any increment of length 𝑑𝐿 will be  

𝑑𝑉= 5,280 𝑑𝐿𝐴, which is an equation for the cubic feet of gas in the section at 

pressure p and temperature of flow 𝑇, 𝐴 being the cross-sectional area of the pipe in 

square feet. Reducing the above equation into base conditions gives  

dV= 5,280 dL A 
𝑝1𝑇𝑏

𝑝𝑏𝑇
 

then the total quantity of the gas in the line will be  

V= ∫ 𝑑𝑉
𝐿

0
=  5,280 A 

𝑇𝑏

𝑝𝑏𝑇
 ∫ 𝑝1𝑑𝐿
𝐿

0
 

A=  
𝜋𝐷2

4∗144
 

Integrating the above equation and substituting the value of 𝑝1 and A, we come up 

with the following equation.  

V = 19.20 
𝐷2 𝑇𝑏𝐿

𝑝𝑏 𝑇
[𝑝1 + 𝑝2 −

𝑝1 𝑝2 

𝑝1+ 𝑝2 
] 

The above equation gives the quantity of gas measured at base conditions 

stored in the pipeline for any given flow condition. To determine the storage capacity 

of a simple pipeline, the pressures at both ends are determined by both packed and 

unpacked flow conditions. The difference between the two quantities is the storage 

capacity of the pipeline.  

Let  

V  = volume at unpacked condition  

V’ = volume at packed condition  

p = pressure unpacked condition (p1, p2) 

p’ = pressure packed condition (p1’, p2’) 
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Storage capacity is  = V’- V where ,  

V = 19.20 
𝐷2 𝑇𝑏𝐿

𝑝𝑏 𝑇
[𝑝1 + 𝑝2 −

𝑝1 𝑝2 

𝑝1+ 𝑝2 
] , and V’ = 19.20 

𝐷2 𝑇𝑏𝐿

𝑝𝑏 𝑇
[𝑝′1 + 𝑝′2 −

𝑝′1 𝑝′2 

𝑝′1+ 𝑝′2 
] 

The maximum pipeline inventory carrying capacity at time t, It  is  

0 ≤ It ≤ 19.20 
𝐷2 𝑇𝑏𝐿

𝑝𝑏 𝑇
[[𝑝′1 + 𝑝′2 −

𝑝′1 𝑝′2 

𝑝′1+ 𝑝′2 
] − [𝑝1 + 𝑝2 −

𝑝1 𝑝2 

𝑝1+ 𝑝2 
] ] 

Maximum injection capacity  

𝐽𝑡 ≤ 433.488
𝑇𝑏
𝑝𝑏
√
(𝑝𝑡(𝑖𝑛𝑙𝑒𝑡)

2 − 𝑝𝑡(𝑖𝑛𝑠𝑖𝑑𝑒)
2 )𝐷

16
3⁄

𝐺𝑇𝑡𝐿𝑍̅
 

Maximum withdrawal capacity  

𝑊𝑡 ≤ 433.488
𝑇𝑏
𝑝𝑏
√
(𝑝𝑡(𝑖𝑛𝑠𝑖𝑑𝑒)

2 − 𝑝𝑡(𝑜𝑢𝑡𝑙𝑒𝑡)
2 )𝐷

16
3⁄

𝐺𝑇𝑡𝐿𝑍̅
 

Natural Gas Storage Tanks 

Natural gas is stored either in the form of liquid, liquefied natural gas (LNG) 

or solid as hydrates.  LNG are usually used in conjunction with pipelines, usually as 

a backup for pipelines.  The gas is cooled to about -260 degree F. The LNG to gas 

ratio is about 1:600 (Levine, 2011). Storage tanks are used in highly populated areas 

where any of the underground storage usages are not viable.  

3.4. Gas Storage Loss  

The loss of gas from a storage facility depends on the type of facility. There 

are several factors that contribute to the loss of natural gas from a storage facility. 

Gas sometimes leaks from old well castings to other formation of the facilities. There 

is also gas loss through cap rocks but not common. Gas also leaks through a low 
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permeability connection to a companion reservoir that is not part of the storage 

facility, which is usually more likely. In addition, gas leaks in surface equipment and 

pipelines, and from storage when gas travels past saddle seal. However, in some 

cases gas that migrated may move back as the pressure in the reservoir is lowered 

(Flanigan, 1995; Bernard and Holm, 1970).   

Generally, compared to aboveground storage facilities underground storages 

have high rate of gas loss. Gas loss for aboveground is mainly to maintain the 

performance of the facilities such as the energy consumed by the compressors. Many 

researches are underway to replace the energy consumptions by solar of wind 

sources. We do not go into the details of the other losses of aboveground facility in 

this research; however, I present a leak equation for aquifer as given by the following 

equation (Flanigan, 1995). 

𝑞1 = 3.74 ∗ 10
−7(p𝐺

2 − 1.62)𝑛; where,  𝑞1 is the daily leak rate in MMcf/D 

[106 𝑚3/𝑑] and p𝐺 is the maximum storage pressure in psia [MPa]. Exponent n is 

assumed to be 1 in most cases.  

3.5. Gas Storage Trend 

 In this section, the US natural gas storage data from 2008 to 2012 are used to 

present the natural gas storage trend.  All the data are monthly basis, and are taken 

from Energy Information Administration. The injection and withdrawal historic 

trends are shown by the Figure 3 below.  
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Figure 3. Gas injection-withdrawal cycle  

Gas injection increases when withdrawal decreases, and vice-versa. The gas 

withdrawal is higher around the month of January for all the five years. Injection is 

high in summer seasons. Figure 3 is for all types of underground storage facilities. It 

is important to classify into various storage facilities to see the difference. Figure 4 

shows the comparison of salt cavern and non-salt cavern (depleted reservoir and 

aquifer) storage facilities. 

 
Figure 4. Salt cavern and non-salt cavern injection withdrawal pattern 
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Figures 4 shows that non salt cavern (NSC) facilities dominate the salt cavern 

(SC). We can see more cycles in salt cavern than non-salt cavern storage facilities.  

Withdrawal rate hits pick in non- salt cavern faster than salt cavern in winter season. 

Injection rate is slower than withdrawal rate for both groups of storage facilities.  
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Chapter 4: Problem Formulation  

4.1. Problem Definition 

The research problem is formulated to support natural gas storage valuation 

decision over large time window. The valuation problem formulation is for the 

combination of aboveground and underground storage facilities. A case study for 

natural gas storage contractors is used in the formulation for a clear understanding of 

how the model works. However, the generalization of the model is applicable in any 

gas storage valuation problems, in any capacity.  

Basically, natural gas storage facility contractors lease a storage facility for 

one year, usually from April to March. Then they want to maximize profit over the 

lease period. Gas is purchased from pipeline transmission companies, and is sold to 

natural gas distribution companies. The contractors should determine how much gas 

to buy and inject to a facility, withdraw and sell from a facility, or do nothing to 

maximize profit over the lease period. 

The contractors should follow the contract policy. One such a policy is that 

the storage facilities have zero working inventories at the beginning of the lease 

period. Also, the contractor is expected to free up the facility at the end of the lease 

period; otherwise, any amount left in the storage facility is void.  

A comprehensive, flexible mathematical model is developed to valuate single 

storage facility and multiple storage facilities. The gas storage decision makers can 

use the model for each facility separately or for any combination of storage facility. 

Price uncertainty and realistic physical storage characteristics are incorporated.  
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As of today, underground natural gas storage facilities are widely used. The 

research problem is formulated based on the three underground storage facilities and 

pipelines. I leave storage tanks for future research. The formulation is explained in 

the following section.  

4.2. Definition of Terms and Mathematical Model 

The definition of terms used in the formulation and the mathematical model 

are presented in this section. Some other terms are also defined within other sections 

as needed.  

The decision variables are the withdrawal and injection decisions. The 

inventory level is also another decision variable which depends on the withdrawal 

and injection rates decisions. All the remaining terms defined in this section are 

model parameters. 

 t = time window for which gas storage decision has to be made 

 t = 1,2, … , T  

T = lease expiration period  

T =  

{
  
 

  
   Tk

cav for salt cavern k,  k ∈ Kcav                     

Tk
dep

 for depeleted reservoir k, k ∈ Kdep 

Tk
aqu

 for aquifer k, k ∈ Kaqu                         

Tk
pipe

 for pipeline k , k ∈ Kpipe                    

                 

 

k is a storage facility in set K, where K = {Kcav, Kdep, Kaqu, Kpipe} 
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Jkt = facility k injection decision on period t  

Jkt =  

{
 
 

 
 Jkt

cav for salt cavern k, k ∈ Kcav                  

Jkt
dep

 for depeleted reservoir k, k ∈ Kdep

Jkt
aqu

 for aquifer k, k ∈ Kaqu                        

Jkt
pipe

 for pipeline k , k ∈ Kpipe                   

 

Wkt = facility k withdrawal decision on period t   

Wkt =  

{
 
 

 
  Wkt

cav for salt cavern k, k ∈ Kcav                    

Wkt
dep

 for depeleted reservoir k, k ∈ Kdep 

Wkt
aqu

 for aquifer k, k ∈ Kaqu                         

Wkt
pipe

 for pipeline k , k ∈ Kpipe                   

 

Ikt = facility k inventory level on period t  

Ikt =  

{
 
 

 
 
Ikt
cav  for salt cavern k, k ∈ Kcav                  

Ikt
dep

  for depeleted reservoir k, k ∈ Kdep

Ikt
aqu

  for aquifer k, k ∈ Kaqu                        

Ikt
pipe

  for pipeline k , k ∈ Kpipe                   

 

Imax(k) = storage facility k maximum capacity 

Imax(k) =  

{
 
 

 
   Imax(k)

cav   for salt cavern k, k ∈ Kcav                  

  Imax(k)
dep

  for depeleted reservoir k, k ∈ Kdep

  Imax(k)
aqu

  for aquifer k, k ∈ Kaqu                         

  Imax(k)
pipe

  for pipeline k , k ∈ Kpipe                     
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Ib(k) = base gas requirement for facility k 

Ib(k) =  

{
 
 

 
   Ib(k)

cav   for salt cavern k, k ∈ Kcav                  

  Ib(k)
dep

  for depeleted reservoir k, k ∈ Kdep

  Ib(k)
aqu

  for aquifer k, k ∈ Kaqu                        

  Ib(k)
pipe

  for pipeline k , k ∈ Kpipe                    

 

Lkt = facility k gas loss on period t 

Lkt =  

{
 
 

 
   Lkt

cav for salt cavern k, k ∈ Kcav                    

Lkt
dep

 for depeleted reservoir k, k ∈ Kdep

Lkt
aqu

 for aquifer k, k ∈ Kaqu                        

Lkt
pipe

 for pipeline k , k ∈ Kpipe                   

 

Pkt
s = gas price realization s of facillity k on period  t   

Pkt
s =  

{
 
 

 
 Pkt

s(cav)
  for salt cavern k, k ∈ Kcav                     

Pkt
s (dep)

  for depeleted reservoir k, k ∈ Kdep  

   Pkt
s (aqu)

  for aquifer k, k ∈ Kaqu                              

Pkt
s (pipe)

  for pipeline k , k ∈ Kpipe                     

 

Dkt = facility k gas demand on period t  

Dkt =  

{
 
 

 
 Dkt

cav  for salt cavern k, k ∈ Kcav                

  Dkt
dep

  for depeleted reservoir k, k ∈ Kdep

Dkt
aqu

  for aquifer k, k ∈ Kaqu                      

Dkt
pipe

  for pipeline k , k ∈ Kpipe                 
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Skt = facility k gas supply on period t  

Skt =  

{
 
 

 
 Skt

cav  for salt cavern k, k ∈ Kcav                

  Skt
dep

  for depeleted reservoir k, k ∈ Kdep

Skt
aqu

  for aquifer k, k ∈ Kaqu                      

Skt
pipe

  for pipeline k , k ∈ Kpipe                 

 

It is essential to note that when time t represent a month, t =1 is April and t = 

12 is March. For days in a year t= 1 is April 1st and t= T is March 31st. Figure 5 

provides a visual representation of a salt cavern storage facility, which we use as a 

reference to formulate the storage schedule. It is taken from Barajas and Civan 

(2014). The diagram does not necessary portray the actual shape of a gas storage 

facility. 

 
Figure 5. A schematic salt cavern storage facility 

𝑊𝑡 𝐽𝑡 

𝐿𝑡 
𝐼𝑏 

𝐼𝑡 

Source: Barajas and Civan (2014) 
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 The mathematical formulation is as follows. The objective function is to 

maximize the expectation of the profit for all the desired facilities over a lease period 

T. The cash inflows as gas is withdrawn and sold, which is represented by the 

positive coefficient value for withdrawal decision variable. However, injection 

decision variable causes cash outflow since gas is purchased and added to storage 

facility. Hence, it is represented by the negative coefficient of the objective function 

equation. Basically only working gas is depleted and replaced, and the decision 

variables are for the working gas. The base gas remains in the storage facility 

throughout the lease period to maintain the reservoir pressure. 

The outer summation of the objective function represents the number of days 

left in the lease period. The inner summation indicates the number of storage 

facilities over which the decisions are to be made. 

  The first constraint enforces the use or lose contract policy. All the gas 

purchased and added to all the storage facilities should be sold or used before the 

lease expires. For a given facility, the sum of the beginning inventory and the gas 

injection should be equal to the sum of the gas withdrawals and lost gas for all the 

remaining duration in the lease period.  Note that the beginning inventory is zero at 

the beginning of the lease period.  

The second constraint shows that the inventory level at the beginning of a 

given day is equal to the inventory at the beginning of the previous day plus the 

injection on the previous day minus the withdrawal and the lost gas on previous day 

for a facility. This is a typical dynamic inventory constraint.  
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Constraint 3 enforces that the inventory in storage facility on a given day 

should be less than the facility’s maximum working capacity. Negative inventory 

level is not allowed.  

𝑚𝑎𝑥 [∑∑ 𝑃𝑘𝑡
𝑠 (𝑎𝑘𝑡𝑊𝑘𝑡 − 𝑏𝑘𝑡𝐽𝑘𝑡)

𝑘 𝜀 𝑁

𝑇

𝑡

] 

Subject to 

 

𝐼𝑘𝑡 + ∑𝐽𝑘𝑡 −

𝑇

𝑡

∑𝑊𝑘𝑡 −

𝑇

𝑡

∑𝐿𝑘𝑡 = 0; 

𝑇

𝑡

∀𝑘 

 

𝐼𝑘𝑡 − 𝐼𝑘(𝑡−1)  − 𝐽𝑘(𝑡−1) +𝑊𝑘(𝑡−1) + 𝐿𝑘(𝑡−1) = 0; ∀𝑘, ∀𝑡 

0 ≤ 𝐼𝑘𝑡 ≤ 𝐼max(𝑘), ∀𝑘, ∀𝑡         

 𝐽𝑘𝑡  ≤    𝐽max(𝑘)√
𝐼𝑏(𝑘)(𝐼max(𝑘)−𝐼𝑘𝑡)

𝐼max(𝑘)(𝐼𝑘𝑡+𝐼𝑏(𝑘))
        

𝑊𝑘𝑡 ≤ 𝑊𝑚𝑎𝑥(𝑘) √
𝐼𝑘𝑡

𝐼𝑚𝑎𝑥(𝑘)
 

∑ 𝐽𝑘𝑡
𝑘 𝜀 𝑁 

 ≤ 𝑆𝑡;   ∀𝑡 

 

∑ 𝑊𝑘𝑡

𝑘 𝜀 𝑁 

= 𝐷𝑡;  ∀𝑡 

𝑎𝑘𝑡, 𝑏𝑘𝑡 𝜀 {0,1} 

The injection and withdrawal rates vary based on inventory level as shown by 

constraints 4 and 5 respectively. These are non-linear constraints since the inventory 

level is also another unknown variable.  

 

1 

2 

4 

5 

3 

7 

6 

8 
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Constraints 6 and 7 show that the injection and withdrawal quantities should 

not exceed the gas supply from pipelines and the gas demand from the distribution 

companies respectively. The withdrawal or injection decision on a given time 

window is represented by the binary constraint 8.  

Some of the parameters are complex combinations of some other parameters. 

For example, the gas price t at any time for each facility is given by 

𝑃𝑘𝑡
𝑠 = 𝑃0𝑖 exp [(𝜇 −

𝜎2

2
) 𝑡 + 𝜎𝑍(𝑡)]. The detail explanation of the formula derivation 

is provided at the end of this section.  

Similarly, the following formulas are used to determine some of the model 

parameters.  

Maximum injection and withdrawal rate for aquifer and depleted reservoir 

𝐽max (𝑘) ≈  𝑊max (𝑘) = 6.283∅𝐶𝑤𝑅𝑔
2ℎ(𝑃𝑔 − 𝑃𝑓)𝑄𝑡  

Loss function for aquifers and depleted reservoirs is  

𝐿𝑘𝑡 = 3.74 ∗ 10−7(𝑝𝐺
2 − 1.62)𝑛. The loss function is usually assumed to be 

constant for salt caverns and pipelines.  

Maximum injection and withdrawal rate for depleted oil reservoirs 

 𝐽max (𝑘) ≈  𝑊max (𝑘) = 
0.0993𝑄0𝐵𝑢0 (𝑃1

2−𝑃2
2)𝑔

𝑧𝑇𝑢𝑔(𝑃1−𝑃2)0
 . 
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 The maximum inventory carrying capacity for pipeline 

𝐼𝑚𝑎𝑥 (𝑘 ) =  19.20 
𝐷2 𝑇𝑏𝐿

𝑝𝑏 𝑇
[[𝑝′1 + 𝑝′2 −

𝑝′1 𝑝′2 
𝑝′1 + 𝑝′2 

] − [𝑝1 + 𝑝2 −
𝑝1 𝑝2 
𝑝1 + 𝑝2 

] ] 

Maximum injection pipeline capacity  

𝐽max (𝑘) =  433.488
𝑇𝑏
𝑝𝑏
√
(𝑝𝑡(𝑖𝑛𝑙𝑒𝑡)

2 − 𝑝𝑡(𝑖𝑛𝑠𝑖𝑑𝑒)
2 )𝐷

16
3⁄

𝐺𝑇𝑡𝐿𝑍̅
 

Maximum withdrawal pipeline capacity  

𝑊max (𝑘) =  433.488
𝑇𝑏
𝑝𝑏
√
(𝑝𝑡(𝑖𝑛𝑠𝑖𝑑𝑒)

2 − 𝑝𝑡(𝑜𝑢𝑡𝑙𝑒𝑡)
2 )𝐷

16
3⁄

𝐺𝑇𝑡𝐿𝑍̅
 

4.3. Model Complexity 

For each storage facility, a three decision variable and eight constraints 

problem should be solved for all the duration remaining in the lease period. Note that 

the constraints are not independent. For K number of storage facilities and T lease 

time window,  the problem size we need to solve for each price realization before we 

make a decision is 3K(T-(t-1)) decision variables  and 8K(T-(t-1)) constraints 

problem, where T-(t-1) is the total number of days left in the lease period. For 

example, solving a 400 underground storage facilities problem on the first day of the 

lease assuming that there are 252 working days in a year has the following 

complexity. The number of decision variables for one price realization is 

3*400*(252-(1-1)) = 303,400. The number of constraints will be  

8*400*(252-(1-1)) = 806,400 constraints of which 201,600 are non-linear. The data 

input for price is K*T for each run. The supply data are K*T. The demand data are 
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K*T. The base gas, maximum injection, maximum withdrawal, inventory capacity 

data are each K. The total data input for a single run is 3*K*T+4*K= 

3*400*252+4*400 = 304,000 data points. For 100 realizations, we use a randomly 

generated data based on the historic data. 

The derivation of the non-linear constraints 4 and 5 are based on the gas law, 

the fluid flow, and the Bernoulli’s principles. Please refer to Thompson et al. (2009), 

Barajas and Civan (2014), and Ikoku (1980) for the details. Below is the summary of 

the derivations  

Derivation of withdrawal and injection rates  

The injection and withdrawal rates vary non-linearly and are very 

complicated to formulate. An approximate derivations are provided in this section.  

From real gas law under standard condition it is known that 𝑃𝑉 =  𝑍𝑛𝑅𝑇 

p = absolute pressure, psia  

V = volume, ft3 

T = absolute temperature, oR 

n = number of lb-moles, where one lb-mole is the molecular weight of the gas (lbs) 

R = the universal gas constant which, for the above units, has the value of 10.732 ft3/ 

(lb-mole oR) 

𝑍 = the gas deviation factor or the 𝑍-factor 

𝑍 =  
𝐴𝑐𝑡𝑢𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑛 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑔𝑎𝑠 𝑎𝑡 𝑐𝑒𝑟𝑡𝑎𝑖𝑛 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒, 𝑝 𝑎𝑛𝑑 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒, 𝑇

𝐼𝑑𝑒𝑎𝑙 (𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑)𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑛 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑔𝑎𝑠 𝑎𝑡 𝑠𝑎𝑚𝑒 𝑝 𝑎𝑛𝑑 𝑇
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If  𝑉0 is the gas volume at an atmospheric pressure of 14.7 psia then applying the real 

gas law equation, 𝑝𝑉0  =  𝑛𝑅𝑇, since 𝑍 is ≅ 1 at atmospheric pressure. This gives 

14.7 𝑉0  =  𝑛𝑅𝑇, 𝑃 =
𝑍𝑛𝑅𝑇

𝑉
. If we let 𝑘1 =

𝑍𝑅𝑇

𝑉
, 𝑃 = 𝑘1𝑛 under fixed temperature 

and volume. The number of substance in a storage facility is the summation of the 

base gas and the working inventory. The gas inventory at time t is 𝐼𝑘𝑡 + 𝐼𝑏𝑖, which 

implies 𝑃 = 𝑘1(𝐼𝑡 + 𝐼𝑏).  

Withdrawal rate  

From Bernoulli’s principle, for a gas leaving a storage facility, 

𝑃𝑖𝑛𝑠𝑖𝑑𝑒 = 𝑃𝑜𝑢𝑡𝑠𝑖𝑑𝑒 + 
1

2
𝜌𝑜𝑢𝑡𝑠𝑖𝑑𝑒𝑣𝑜𝑢𝑡𝑠𝑖𝑑𝑒

2  

𝑃𝑖𝑛𝑠𝑖𝑑𝑒 = gas pressure inside storage facility  

𝑃𝑜𝑢𝑡𝑠𝑖𝑑𝑒 = gas pressure leaving storage facility  

𝜌𝑜𝑢𝑡𝑠𝑖𝑑𝑒 = density of gas leaving storage facility 

𝑣𝑜𝑢𝑡𝑠𝑖𝑑𝑒 = velocity of gas leaving storage facility 

Since the pressure inside can be given by, 𝑃𝑖𝑛𝑠𝑖𝑑𝑒 = 𝑘1(𝐼𝑡 + 𝐼𝑏). In addition, when 

working gas inventory falls down to zero, we have only base gas in a particular 

facility. This is the only condition when pressure inside the facility equals to outside 

pressure; which is 𝑃𝑜𝑢𝑡𝑠𝑖𝑑𝑒 = 𝑃𝑜𝑢𝑡𝑠𝑖𝑑𝑒 =  𝑘1(0 + 𝐼𝑏). 
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Note that we use base gas to maintain reservoir pressure.  Then substituting   𝑃𝑖𝑛𝑠𝑖𝑑𝑒 

by 𝑘1(𝐼𝑡 + 𝐼𝑏), and  𝑃𝑜𝑢𝑡𝑠𝑖𝑑𝑒  𝑏𝑦   𝑘1(0 + 𝐼𝑏) into  𝑃𝑖𝑛𝑠𝑖𝑑𝑒 = 𝑃𝑜𝑢𝑡𝑠𝑖𝑑𝑒 +

 
1

2
𝜌𝑜𝑢𝑡𝑠𝑖𝑑𝑒𝑣𝑜𝑢𝑡𝑠𝑖𝑑𝑒

2 , will give us the following  

𝑘1(𝐼𝑡 + 𝐼𝑏) = 𝑘1(0 + 𝐼𝑏) + 
1

2
𝜌𝑜𝑢𝑡𝑠𝑖𝑑𝑒𝑣𝑜𝑢𝑡𝑠𝑖𝑑𝑒

2  

This implies, 𝜌𝑜𝑢𝑡𝑠𝑖𝑑𝑒 = √
2𝑘1𝐼𝑡

𝜌𝑜𝑢𝑡𝑠𝑖𝑑𝑒
 

We also know that volumetric flow rate of gas leaving a storage facility is given by 

𝑄 = 𝑣𝐴, where 

𝑣 = velocity of the gas  

𝐴 = cross-sectional area  

We can replace the withdrawal rate 𝑊𝑡  by 𝑄 as  𝑊𝑡 = 𝑣𝑜𝑢𝑡𝑠𝑖𝑑𝑒𝐴, we also know that 

when we withdraw gas we deal with velocity of gas leaving the storage facility, 

𝑣𝑜𝑢𝑡𝑠𝑖𝑑𝑒 . When we substitute 

𝑣𝑜𝑢𝑡𝑠𝑖𝑑𝑒 = √
2𝑘1𝐼𝑡

𝜌𝑜𝑢𝑡𝑠𝑖𝑑𝑒
 in  𝑊𝑡 = 𝑣𝑜𝑢𝑡𝑠𝑖𝑑𝑒𝐴, and let area A be 𝑘2 we will find  

𝑊𝑡 = 𝑘2√
2𝑘1𝐼𝑡
𝜌𝑜𝑢𝑡𝑠𝑖𝑑𝑒

 =  √
2𝑘1

𝜌𝑜𝑢𝑡𝑠𝑖𝑑𝑒
𝑘2√𝐼𝑡 

Let 𝑘3 = √
2𝑘1

𝜌𝑜𝑢𝑡𝑠𝑖𝑑𝑒
𝑘2√𝐼𝑡 

𝑊𝑡 = 𝑘3 √𝐼𝑡 
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The maximum flow rate can only be achieved when working gas capacity at time t is 

equal to the maximum working capacity, i.e. 𝐼𝑡 = 𝐼𝑚𝑎𝑥 at 𝑊𝑚𝑎𝑥 . Hence,   

𝑊𝑚𝑎𝑥 = 𝑘3 √𝐼𝑚𝑎𝑥, implies 𝑘3 =
𝑊𝑚𝑎𝑥 

√𝐼𝑚𝑎𝑥
.  

Therefore the maximum rate at time t is given by 

𝑊𝑡 = 𝑊𝑚𝑎𝑥 √
𝐼𝑡
𝐼𝑚𝑎𝑥

 

Injection rate  

Similar to the withdrawal rate derivation, 𝑃𝑖𝑛𝑠𝑖𝑑𝑒 = 𝑘1(𝐼𝑡 + 𝐼𝑏). 

Given 𝜌 =  
𝑀

𝑉
, where M and V are mass of gas inside a storage and volume of the 

storage facility respectively. Mass of gas is proportional to base gas and working gas 

assuming that the storage facility has fixed volume.  

Let 𝑀 = 𝑘4(𝐼𝑡 + 𝐼𝑏), hence  𝜌 =  
𝑘4

𝑉
(𝐼𝑡 + 𝐼𝑏) 

Again from Bernoulli’s principle, outside pressure is the sum of inside pressure and  

1

2
𝜌𝑖𝑛𝑠𝑖𝑑𝑒𝑣𝑖𝑛𝑠𝑖𝑑𝑒

2 , as opposed to withdrawal rate. 

𝑃𝑜𝑢𝑡𝑠𝑖𝑑𝑒 = 𝑃𝑖𝑛𝑠𝑖𝑑𝑒 + 
1

2
𝜌𝑖𝑛𝑠𝑖𝑑𝑒𝑣𝑖𝑛𝑠𝑖𝑑𝑒

2  

Plugging   𝜌 =  
𝑘4

𝑉
(𝐼𝑡 + 𝐼𝑏) and 𝑃𝑖𝑛𝑠𝑖𝑑𝑒 = 𝑘1(𝐼𝑡 + 𝐼𝑏) into 𝑃𝑜𝑢𝑡𝑠𝑖𝑑𝑒 = 𝑃𝑖𝑛𝑠𝑖𝑑𝑒 +

 
1

2
𝜌𝑖𝑛𝑠𝑖𝑑𝑒𝑣𝑖𝑛𝑠𝑖𝑑𝑒

2 , gives  

𝑃𝑜𝑢𝑡𝑠𝑖𝑑𝑒 = 𝑘1(𝐼𝑡 + 𝐼𝑏) + 
1

2

𝑘4
𝑉
(𝐼𝑡 + 𝐼𝑏)𝑣𝑖𝑛𝑠𝑖𝑑𝑒

2  

𝑣 𝑖𝑛𝑠𝑖𝑑𝑒  =   √
2𝑉𝑃𝑜𝑢𝑡𝑠𝑖𝑑𝑒

𝑘4

1

(𝐼𝑡 + 𝐼𝑏)
− 
2𝑉𝑘1
𝑘4
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Let 𝑘5 = 
2𝑉𝑃𝑜𝑢𝑡𝑠𝑖𝑑𝑒

𝑘4
; and  𝑘6 = 

2𝑉𝑘1

𝑘4
 

𝑣 𝑖𝑛𝑠𝑖𝑑𝑒  =   √
𝑘5

(𝐼𝑡 + 𝐼𝑏)
− 𝑘6 

Again from volumetric flow rate we know that the injection rate at time t is given by  

𝐽𝑡 = 𝑣𝑖𝑛𝑠𝑖𝑑𝑒𝐴 . We cannot inject gas when the facility is at its maximum working 

capacity, i.e 𝐽𝑡 = 0 when  𝐼𝑡𝑘 = 𝐼𝑚𝑎𝑥. Hence,  

𝐽𝑡 =  𝐴√
𝑘5

(𝐼𝑡 + 𝐼𝑏)
− 𝑘6 

0 =  𝐴√
𝑘5

(𝐼𝑚𝑎𝑥 + 𝐼𝑏)
− 𝑘6 

This gives 𝑘5 = 𝑘6(𝐼𝑚𝑎𝑥 + 𝐼𝑏), implies  

 

𝐽𝑡 =  𝐴√
𝑘6(𝐼𝑚𝑎𝑥 + 𝐼𝑏)

(𝐼𝑡 + 𝐼𝑏)
− 𝑘6 

𝐽𝑡 =  𝐴√𝑘6√
(𝐼𝑚𝑎𝑥 + 𝐼𝑏)

(𝐼𝑡 + 𝐼𝑏)
−  1 

 Let 𝑘7 =  𝐴√𝑘6 

𝐽𝑡 = 𝑘7√
(𝐼𝑚𝑎𝑥 − 𝐼𝑡)

(𝐼𝑡 + 𝐼𝑏)
 

On the other hand, injection at time t is maximum when inventory is zero. i.e if  𝐼𝑡 =

0 then 𝐽𝑡 = 𝐽𝑚𝑎𝑥  as a result,  
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𝐽𝑚𝑎𝑥 = 𝑘7√
(𝐼𝑚𝑎𝑥 + 0)

(0 + 𝐼𝑏)
 

Implies 𝑘7 = 𝐽𝑚𝑎𝑥√
𝐼𝑏

𝐼𝑚𝑎𝑥
, put  in  𝐽𝑡 

𝐽𝑡 = 𝐽𝑚𝑎𝑥√
𝐼𝑏(𝐼𝑚𝑎𝑥 − 𝐼𝑡)

𝐼𝑚𝑎𝑥(𝐼𝑡 + 𝐼𝑏)
 

Now we have an expression for injection and withdrawal rate per unit time in terms 

of inventory level. Base gas, 𝐼𝑏 and 𝐼𝑚𝑎𝑥 are known parameters or can be estimated.  

Gas price derivation  

Brownian motion with drift equation is used to model the gas price. 

Brownian motion represents the random price move either upward or downward at 

any time t in the future. It has volatility factor which shows how quickly gas prices 

change because of severe weather conditions, change in demand, availability of 

supply, and economic conditions. Mean reversion pricing component is common in 

gas industry because of seasonality. The gas price goes up and down very quickly. 

The mean reversion pulls the price back to a long run average gas price. High gas 

price tends to have negative trend to revert back to the mean; on the other hand, low 

gas price will have positive trend to bounce back to the average.  

The model is given by dP = μ(P, t)dt + σ(P, t)dZ, where P  is the gas price,  

μ  is the drift rate, σ is the volatility, and dZ is the random term which has the form 

of  dZ =  ∅√dt.  The  ∅  is a random variable taken from a normal distribution with 

mean zero and variance one (∅~N(0,1)).  We assume that the gas price  P  is 

random and goes to P + dP, as time t goes to t + dt; dt is an infinitesimal time.  
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Using Ito’s Lemma it is easy to drive the value of P from  dP = μ(P, t)dt +

σ(P, t)dZ with the assumption that it follows logarithmic price parameter (no 

negative price value). Please refer to (Cont and Voltchkova, 2005; Pindyck, 1999; 

and Forsyth, 2012) for the details. 

𝑃𝑡 = 𝑃0 𝑒𝑥𝑝 [(𝜇 −
𝜎2

2
) 𝑡 + 𝜎𝑍(𝑡)]   

Where,   

 𝑃𝑡 =  gas price at time t  

𝑃0 = initial gas price. There is not one perfect way to estimate a starting parameter as 

stated in Pindyck (2001), hence average historic price data are used. 

𝜇 = the drift term which is  the percent price mean change 

𝜎 = volatility which is standard deviation of the percent price change 

The expressions for the mean and the change in price are respectively given by 

 𝜇 =  
∑ ∆𝑃𝑇
𝑡=1

𝑇−1
 and ∆𝑃 = 𝑃𝑡− 𝑃𝑡−1.  
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Chapter 5: Solution Approach 

5.1. General Framework  

The mathematical formulation of the problem has no meaning from a 

decision making point of view because of the stochastic input parameters. There 

could be infinite number of possible solutions. Therefore, I propose a simulation of 

finite stochastic parameters realizations followed by optimization of the 

mathematical model. The optimization model is run for every realization of the 

parameters.  Then the expected value of the outputs is used for the decision making 

purpose. The pictorial representation of this approach is depicted by Figure 6 below.  

 

 

Figure 6. Experimental approach 
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Percent change in price historic data are used to estimate the drift coefficient 

and volatility. The optimization model is very difficult to solve as a single problem 

because of the complexity of the problem explained in the previous chapter. It has 

very large number of non-linear withdrawal and injection constraints, the integer 

constraints and the dynamic constraints.   The following heuristic approach is 

proposed to linearize the problem and minimizes the number of non-linear 

constraints to zero.  

5.2. Heuristic Approach  

First, the non-linear constraints are linearized by fixing the value of the 

inventory level variable for the injection and withdrawal rate constraints. However, 

the inventory level in the inventory balance in the dynamic constraint remains as a 

decision variable. Then the original problem will become a linear dynamic model. 

Then solve the linear dynamic model one time. The output values of the model will 

be average withdrawal decisions, average injection decisions, and the corresponding 

average inventory levels. I represent the problem I solve here as Problem 1.  

Second, solve the first iteration of the original model using the average 

inventory levels of Problem 1 as input to the model. Then resolve the model until 

stopping criterion are satisfied. The stopping criterion are the objective function 

value and the inventory level differences. I represent the problem we solve in the 

second step as Problem 2.  
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More specifically, Problem 1 and Problem 2 are given as follows.  

Problem 1: 

𝑚𝑎𝑥 [∑ ∑ 𝑃𝑖𝑡
𝑠 (𝑎𝑘𝑡𝑊𝑘𝑡 − 𝑏𝑘𝑡𝐽𝑘𝑡)

𝑘 𝜀 𝑁

𝑇

𝑡

] 

 

Subject to 

 

𝐼𝑘𝑡 + ∑𝐽𝑘𝑡 −

𝑇

𝑡

∑𝑊𝑘𝑡 −

𝑇

𝑡

∑𝐿𝑘𝑡 = 0; 

𝑇

𝑡

∀𝑘 

 

𝐼𝑘𝑡 − 𝐼𝑘(𝑡−1)  − 𝐽𝑘(𝑡−1) +𝑊𝑘(𝑡−1) + 𝐿𝑘(𝑡−1) = 0 

0 ≤ 𝐼𝑘𝑡 ≤ 𝐼max(𝑘)             

𝐽𝑘𝑡  ≤    𝐽𝑚𝑎𝑥(𝑘) 

𝑊𝑘𝑡 ≤ 𝑊𝑚𝑎𝑥(𝑘)  

∑ 𝐽𝑘𝑡
𝑘 𝜀 𝑁 

 ≤ 𝑆𝑡;   ∀𝑡 

 

∑ 𝑊𝑘𝑡

𝑘 𝜀 𝑁 

 = 𝐷𝑡;  ∀𝑡 

𝑎𝑘𝑡, 𝑏𝑘𝑡 𝜀 {0,1} 

 

 

 

 

 

1 

2 

4 

5 

3 

7 

6 

8 
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Problem 2:  

𝑚𝑎𝑥 [∑ ∑ 𝑃𝑘𝑡
𝑠 (𝑎𝑘𝑡𝑊𝑘𝑡 − 𝑏𝑘𝑡𝐽𝑘𝑡)

𝑘 𝜀 𝑁

𝑇

𝑡

] 

 

Subject to 

 

𝐼𝑘𝑡 + ∑𝐽𝑘𝑡 −

𝑇

𝑡

∑𝑊𝑘𝑡 −

𝑇

𝑡

∑𝐿𝑘𝑡 = 0; 

𝑇

𝑡

∀𝑘 

 

𝐼𝑘𝑡 − 𝐼𝑘(𝑡−1)  − 𝐽𝑘(𝑡−1) +𝑊𝑘(𝑡−1) + 𝐿𝑘(𝑡−1) = 0 

0 ≤ 𝐼𝑘𝑡 ≤ 𝐼max(𝑘)           

𝐽𝑘𝑡  ≤    𝐽𝑚𝑎𝑥(𝑘)√
𝐼𝑏(𝑘)(𝐼𝑚𝑎𝑥(𝑘)−𝐼𝑘𝑡

𝑟−1)

𝐼𝑚𝑎𝑥(𝑘)(𝐼𝑘𝑡
𝑟−1+𝐼𝑏(𝑘))

 

𝑊𝑘𝑡 ≤ 𝑊𝑚𝑎𝑥(𝑘) √
𝐼𝑘𝑡
𝑟−1

𝐼𝑚𝑎𝑥(𝑘)
 

∑ 𝐽𝑘𝑡
𝑘 𝜀 𝑁 

 ≤ 𝑆𝑡;  ∀𝑡 

 

∑ 𝑊𝑘𝑡

𝑘 𝜀 𝑁 

 = 𝐷𝑡;  ∀𝑡 

𝑎𝑘𝑡, 𝑏𝑘𝑡 𝜀 {0,1} 

The summary of the heuristic approach is shown by the Figure 7. The 

inventory level output of Problem 1 is represented as (𝐼𝑘𝑡(0)
∗ ). The stopping criterion 

are based on objective function value (𝑓∗) and the inventory level for the second 

stage iteration after each run (𝐼𝑘𝑡
𝑟∗), where the iteration number is represented by 𝑟. 

We terminate the iteration when the average difference of the previous iteration and 

the current iteration is less than or equals to ∆𝑓 and ∆𝐼 respectively. The ∆𝑓 and ∆𝐼 

1 

5 

7 

6 

2 

3 

4 

8 
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are specified by the modeler. 𝐽𝑘𝑡  
𝑠(𝑅)

,𝑊𝑘𝑡  
𝑠(𝑅)

;  𝐼𝑘𝑡  
𝑠(𝑅)

 are the last iteration values for each 

price realization. 

The details of the heuristic algorithm implementation is given below. 

For s 𝜖 all price realization scenarios 

 Solve Problem 1 

  For k 𝜖 all storage facilities 

   For t from (T-t) to T 

    Set: 𝐽𝑘𝑡 = 𝑓(𝐽max(𝑘) ) 

Set: 𝑊𝑘𝑡 = 𝑓(𝑊max(𝑘)) 

    max
𝐽𝑘𝑡,𝑊𝑘𝑡,𝐼𝑘𝑡

𝑝𝑟𝑜𝑓𝑖𝑡 

Set objective function value to 𝑓∗(0); inventory level to 𝐼𝑘𝑡
∗(0)

 

 Solve Problem 2 

 Initialize: |𝑓∗
(𝑟−1)

− 𝑓∗
(𝑟)
|  =  ∞ ;  |𝐼𝑘𝑡

∗(𝑟−1)
− 𝐼𝑘𝑡

∗(𝑟)
|  =  ∞; 𝑟 =  0 

  While |𝑓∗
(𝑟−1)

− 𝑓∗
(𝑟)
|  ≤ ∆𝑓  𝑎𝑛𝑑𝑎𝑛𝑑 |𝐼𝑘𝑡

∗(𝑟−1)
− 𝐼𝑘𝑡

∗(𝑟)
| ≤ ∆𝐼 

   𝑟:= 𝑟 + 1 

   Update: 𝑓∗(𝑟−1) − 𝑓∗(𝑟);  𝐼𝑘𝑡
∗(𝑟−1)

− 𝐼𝑘𝑡
∗(𝑟)

 

   For k 𝜖 all storage facilities 

    For t from (T-t) to T 

     Set: 𝐽𝑘𝑡 = 𝑓(𝐽max(𝑘), 𝐼𝑏(𝑘), 𝐼max(𝑘), 𝐼𝑘𝑡
𝑟−1  ) 

Set: 𝑊𝑘𝑡 = 𝑓(𝑊max(𝑘), 𝐼max(𝑘), 𝐼𝑘𝑡
𝑟−1  ) 

     max
𝐽𝑘𝑡,𝑊𝑘𝑡,𝐼𝑘𝑡

𝑝𝑟𝑜𝑓𝑖𝑡    

 𝐽𝑘𝑡  
∗(𝑠)

= 𝐽𝑘𝑡  
𝑠(𝑅)

;  𝑊𝑘𝑡  
∗(𝑠)

= 𝑊𝑘𝑡  
𝑠(𝑅)

;  𝐼𝑘𝑡  
∗(𝑠)

= 𝐼𝑘𝑡  
𝑠(𝑅)

 

𝑊𝑘𝑡 
∗ = 𝐸[𝑊𝑘𝑡  

∗(𝑠)
];  𝐽𝑘𝑡

∗ = 𝐸[𝐽𝑘𝑡  
∗(𝑠)
]; 𝐼𝑘𝑡 

∗ = 𝐸[𝐼𝑘𝑡  
∗(𝑠)
] 
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We begin by solving Problem 1 and store the optimal inventory level and the 

objective function values.  Then solve Problem 2 and store the optimal inventory 

level and the objective function values again. Iterate over problem 2 while the 

difference between the current and the previous objective function values, and the 

difference between the current and the preceding inventory level is greater than a 

very small number set by the modeler. The inventory level from Problem 1 is used as 

input to inventory levels of constraints 4 and 5. The inventory level in constraint 3 

remains as a decision variable. The algorithm is summarized using Figure 7. 

 

           Figure 7. Procedural optimization approach 
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Chapter 6: Computational Results and Analysis 

The heuristic algorithm developed in this research is capable of solving a very 

large scale problem. One such a problem is 400 underground storage facilities, 0.305 

million miles of pipeline, 0.3 million decision variables, 0.8 million constraints for 

every realization of stochastic parameters. The output data from this large scale 

model is well over 3000 pages. The reader can contact me for the large scale dataset 

need. A numerical result for a very small size problem is presented in this section for 

simplicity. The input data into the model is location specific. Some missing data are 

either approximated based on the location’s historic data or systematically simulated. 

Energy Information Administration, Naturalgas.org, yahoo finance, and Natural Gas 

Handbook are sources of the historic data and some of the constant values.  

6.1. Price Simulation  

The gas price is simulated for each storage facility location for every decision 

time window. Average price, the sample mean change, and the sample standard 

deviation of daily price changes for each month were computed. Table 1 below is a 

monthly sample of such computation of twelve months of a location over 17 years.  

The 𝑃0, 𝜇, and 𝜎 represent the average price, the monthly sample mean 

change, the sample standard deviation of monthly price changes respectively. These 

data were used as input parameters to the geometric Brownian motion equation for 

simulation of gas prices which are used as input to the optimization model. The data 

for each month are used to simulate the price of the same month of the following 

year for the particular storage facility.   
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         Table 1. Sample price simulation input parameters 

Month  𝑷𝟎  𝝁 𝝈 Month  𝑷𝟎  𝝁 𝝈 

April  4.96 0.0049 0.3015 October  5.01 0.0090 0.5806 

May  5.06 0.0056 0.3469 November  5.05 0.0100 0.6745 

June  5.16 0.0073 0.5031 December  5.06 0.0133 0.7350 

July  4.77 0.0064 0.4867 January  5.20 0.0109 0.8835 

August  4.83 0.0049 0.4501 February  5.00 0.0120 0.7085 

September  4.57 0.0097 0.6073 March  4.77 0.0083 0.5766 

 

6.2. Decision Scenarios 

A decision scenario for one month time window is presented in this section. 

For each time window, a day in this case, fifty realizations of the possible decisions 

are simulated and optimized. The summary of the results is presented in the Table 2 

below.  The summary is for the minimum, expected value, and maximum 

possibilities of the profit scenarios based on minimum, average, and maximum, 

values of the injection and withdrawal decision scenarios. 

Table 2. Sample optimization output data 

Jt Wt Profit Scenario  

Mean Mean Min Mean Max 

59.17 0.00 -253.27 -294.62 -347.39 

50.48 8.53 -428.86 -504.24 -609.59 

36.77 17.77 -502.77 -600.51 -742.47 

38.50 15.32 -593.40 -717.95 -905.61 

33.53 13.54 -668.12 -818.13 -1039.42 

32.36 15.65 -726.67 -901.18 -1160.62 

31.57 15.49 -784.54 -981.22 -1284.84 

22.49 27.24 -768.70 -957.52 -1245.63 

34.09 19.84 -816.27 -1027.95 -1364.73 

29.00 22.55 -837.83 -1059.48 -1415.82 

30.08 22.78 -861.16 -1095.32 -1479.94 

28.48 28.36 -861.52 -1095.88 -1480.94 

26.74 27.37 -859.70 -1092.80 -1474.81 

17.44 43.69 -784.80 -961.25 -1214.43 

15.70 39.97 -715.91 -838.64 -968.03 

11.61 48.48 -607.83 -654.28 -616.82 
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9.39 44.38 -504.09 -479.98 -270.49 

8.04 40.41 -409.28 -316.59 89.40 

7.28 31.52 -338.45 -193.64 369.20 

3.60 27.24 -266.31 -75.91 627.29 

0.00 16.20 -222.12 4.43 807.75 

  -444.24 8.86 1615.51 

 

Figures 8 and 9 below show the injection and the withdrawal decision spaces 

respectively. The blue line connecting decisions of each day is the median decision 

while the black line is the mean value.  The red dotted points show the fifty possible 

outcomes for each day. 

 
 Figure 8. Injection decision space for fifty realizations  
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 Figure 9. Withdrawal decision space for fifty realizations 

The injection and withdrawal decisions for the median values appear to be 

mutually exclusive. The direction of the resultants of the injection-withdrawal 

decisions of the expected values are also consistent with the magnitude indicated by 

the median. This shows that the heuristic algorithm execute the model as desired. 

From the decision making point of view, the decision maker is assumed to be 

interested in the resultant of the decisions generated by the expected values. This is 

depicted by Figure 10 below. The above zero orange region shows the injection 

decision for days 1 - 5, 9 - 11. The inventory level inside the storage facility 

increases as we inject gas to the facility. The below zero green surface shows the 

withdrawal decision for days 8, 13-21 indicating the removal of gas from the storage 

facility. The ‘do-nothing’ decision option is shown on day 8.  
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Figure 10. Withdrawal-injection decisions 

The decision maker uses this algorithm as a support tool. When we run the 

algorithm, the result we find is similar to Figure 10 above. However, the decision to 

be made is only for the current time window. Then after the current decision is made, 

one waits to see the outcome of the decision that has already been made before 

making a decision for the next time window. The simulation-optimization model is 

again run for the days remaining in the lease period. In a similar fashion, a decision 

for one day is made based on the possible outcomes of the days left in the lease 

period. A similar approach is used by Levary and Dean (1980) for a natural gas flow 

model under uncertainty in demand for a single natural gas trader.  

Storage facility capacity constriant is also one the decision variables. It is 

expected that the algorithm provides a result consistent with the lower and upper 

bounds of the total storage capacity. The lower bound is usually the base gas 
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inventory level, and the upper bound is the combination of the base gas and the 

working gas. Inventory level decision space is shown by Figure 11. The inventory 

level decision space for the scenarios start from zero, increases upto certain level and 

decrease until it becomes zero again. This is consistent with the mathematical 

formulation. The storage facility is assumed to be empty at the beginning of the lease 

period and the use-or-lose policy applies at the end of the lease period. The blue line 

connects the the expected value of the daily scenarios. The red dots are the fifty 

relaizations for each time window.  

 
 Figure 11. Inventory level space for fifty realizations 

The profit scenario is shown by Figure 12 below. The green diomond dots, 

the red rectangular dots, and the black circular dots represent the maximum profit 

scenario, the average , and the minimum profit scenarios respectively. These are 
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based on their respective maximum, average, and minimum injection-withdrawal 

scenarios. 

 
Figure 12. Cumulative profit graph  

 

6.3. Model Performance  

The performance of the model is evaluated based on computation time and 

solution quality. A yearlong decision scenario for one facility is used for the 

performance evaluation.   

Figure 13 below shows the computational time comparison of the optimal 

solution of the model and the heuristic procedural approach. The red bars show the 

optimal solution computation time. The blue bars show the heuristic solution 

computation time. The result is only for one realization of price parameter and one 

salt cavern storage facility. It can be seen that the heuristic algorithm takes fraction 

of a second while it takes about 27 hours to solve the same problem optimally.  
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  Figure 13. Computation time comparison 

The solution quality of the heuristic algorithm is reasonably good. For 

smaller time windows such as a month, the heuristic provides a solution optimality 

gap as low as 0.05%.  The worst case scenario approaches about 10% solution gap. 

Figure 14 shows the solution quality of the problem solved using the heuristic 

approach and the optimal approach. The red bars show the optimal solution values. 

The blue bars show the solution found by the heuristic procedural approach.   
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 Figure 14. Solution quality comparison 

 

6.4. Model Behavior 

Several experiments were carried out to observe the behavior of the stopping 

criteria and the complexity of the model due to the physical storage facility 

characteristics.  

The stopping criteria 

The stopping criteria used in the algorithm is the sum of the objective value 

differences and the sum of inventory level differences of the current iterations and 

the previous iteration, as described in the algorithm section. Figure 15 shows the 

consecutive objective value difference for the first seventeen iteration. It can be seen 

that the difference monotonically decreases for the three scenarios used.  The 

scenarios were created based on maximum working capacity and base gas 

requirements.  
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Figure 15. Stopping criteria scenario 1 

Figure 16 shows the inventory level difference for the same scenarios used in 

objective value difference. The inventory level difference smoothly decreases until it 

reaches the small stopping criteria for all the scenarios experimented.     

 

181614121086420

600

500

400

300

200

100

0

Iteration

O
b
je

ct
iv

e
 F

u
n
ct

io
n
 V

a
lu

e
 i
n
 $

Imax=2000, Ib=500

Imax=2500, Ib=1000

Imax=3000, Ib=1500

Variable



70 

 

 
Figure 16. Stopping criteria scenario 2 

 

Storage facility complexity 

Three different scenarios based on maximum working capacities and base gas 

are created to demonstrate the non-linearity of the problem. Scenario 1 (maximum 

working capacity of 1500 MMcft and 400MMcft of base gas) Figure 17, Scenario 2 ( 

maximum working capacity of 2000 MMcft and 500MMcft of base gas) Figure 18 , 

and Scenario 3 ( maximum working capacity of 3000 MMcft and 500MMcft of base 

gas). Each scenario is experimented by five scenarios of maximum injection and 

withdrawal rates. These are maximum injection rate and withdrawal rates of 60 and 

200MMcft, 70 and 250 MMcft, 80 and 300 MMcft, 90 and 350 MMcft, and 100 and 

400MMcft respectively.  
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Figure 17. Injection-withdrawal curves sample 1 

 

 
Figure 18. Injection-withdrawal curves sample 2 
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The upper curves show the withdrawal rates while the lower curves show the 

injection rates. The injection and withdrawal rates have inverse relationship with the 

amount of inventory in the storage.  At lower amount of inventory the injection rate 

is higher while the withdrawal rate is lower. For maximum inventory level in the 

storage the injection rate is lower while the withdrawal rate is higher. The change in 

increase or decrease of the inventory level results in non-linear increase or decrease 

of injection and withdrawal levels.  

6.5. Comparison of the heuristic with other models 

Three other storage schedule optimization scenarios that are being used in the 

literature are compared to the heuristic to further look into the performance of the 

algorithm.  

Scenario 1 - Injection and withdrawal rates do not depend on the effect of inventory 

pressure in storage facility. The facility is required to operate only at maximum 

injection and withdrawal rates.  

Scenario 2 - Injection and withdrawal rates do not depend on the effect of inventory 

pressure in storage facility; but injection and withdrawal rates are allowed to operate 

at any rate less than or equal to maximum operation capabilities.   

Scenario 3 - Injection and withdrawal rates depend on the effect of inventory 

pressure in storage facility. The heuristic approach developed in this research is 

based on this scenario. 
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Scenario1 

The scenario is formulated as a mixed integer program (MIP) model. A 

similar problem is formulated and solved by Holland (2007) and being used by a gas 

company in England. The formulation is given as follows. 

𝑚𝑎𝑥 [∑∑ 𝑃𝑘𝑡
𝑠 (𝑎𝑘𝑡𝑊𝑘𝑡 − 𝑏𝑘𝑡𝐽𝑘𝑡)

𝑘 𝜀 𝑁

𝑇

𝑡

] 

Subject to 

𝐼𝑘𝑡 + ∑𝐽𝑘𝑡 −

𝑇

𝑡

∑𝑊𝑘𝑡 −

𝑇

𝑡

∑𝐿𝑘𝑡 = 0; 

𝑇

𝑡

∀𝑘 

 

𝐼𝑘𝑡 − 𝐼𝑘(𝑡−1)  − 𝐽𝑘(𝑡−1) +𝑊𝑘(𝑡−1) + 𝐿𝑘(𝑡−1) = 0; ∀𝑘, ∀𝑡 

0 ≤ 𝐼𝑘𝑡 ≤ 𝐼max(𝑘), ∀𝑘, ∀𝑡         

 𝐽𝑘𝑡  =    𝐽max(𝑘)        

𝑊𝑘𝑡 = 𝑊𝑚𝑎𝑥(𝑘)  

∑ 𝐽𝑘𝑡
𝑘 𝜀 𝑁 

 ≤ 𝑆𝑡;   ∀𝑡 

 

∑ 𝑊𝑖𝑡

𝑘 𝜀 𝑁 

= 𝐷𝑡;  ∀𝑡 

𝑎𝑘𝑡, 𝑏𝑘𝑡 𝜖  {0,1}                                                                                                                          

 The injection and withdrawal rates are equal to their maximum capabilities 

for the injection withdrawal constraints.  
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Scenario 2 

In this scenario, the injection and the withdrawal rates do not depend on the 

effect of inventory level pressure in the storage facility; however, the injection and 

the withdrawal rates are allowed to operate at any rate less than or equal to the 

maximum operation capacity.  The problem becomes dynamic linear program (DLP) 

and it is similar to Lai, Margot, and Secomandi (2010) work. The formulation looks 

like as follows. 

𝑚𝑎𝑥 [∑∑ 𝑃𝑘𝑡
𝑠 (𝑎𝑘𝑡𝑊𝑘𝑡 − 𝑏𝑘𝑡𝐽𝑘𝑡)

𝑘 𝜀 𝑁

𝑇

𝑡

] 

Subject to 

𝐼𝑘𝑡 + ∑𝐽𝑘𝑡 −

𝑇

𝑡

∑𝑊𝑘𝑡 −

𝑇

𝑡

∑𝐿𝑘𝑡 = 0; 

𝑇

𝑡

∀𝑘 

 

𝐼𝑘𝑡 − 𝐼𝑘(𝑡−1)  − 𝐽𝑘(𝑡−1) +𝑊𝑘(𝑡−1) + 𝐿𝑘(𝑡−1) = 0; ∀𝑘, ∀𝑡 

0 ≤ 𝐼𝑘𝑡 ≤ 𝐼max(𝑘), ∀𝑘, ∀𝑡         

 𝐽𝑘𝑡  ≤   𝐽max(𝑘)        

𝑊𝑘𝑡 ≤  𝑊𝑚𝑎𝑥(𝑘)  

∑ 𝐽𝑘𝑡
𝑘 𝜀 𝑁 

 ≤ 𝑆𝑡;   ∀𝑡 

 

∑ 𝑊𝑖𝑡

𝑘 𝜀 𝑁 

= 𝐷𝑡;  ∀𝑡 

𝑎𝑘𝑡, 𝑏𝑘𝑡 𝜖  {0,1}                                                                                                                          
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Scenario 3  

In this scenario, the injection and the withdrawal rates vary based on the 

inventory level. The problem becomes a dynamic non-linear program (DNLP). This 

is the foundation of the comprehensive problem formulated in this research. A 

similar problem was first formulated by Thompson et al. (2009).  

A single salt cavern storage facility is used to illustrate the comparison of the 

scenarios. Some of the data are provided in Thompson et al. (2009). The maximum 

injection and withdrawal rates are 80MMcft/day and 250 MMcft/day respectively. 

The maximum working gas inventory is 2000 MMcft. The base gas is 500MMcft.  

 Figure 19 shows the inventory level comparison of the scenarios. All the 

scenarios provide a similar inventory increase or decrease trend. However, the 

inventory level for the MIP scenario appears to be the highest while for the heuristic 

approach developed in this research shows a lower inventory level.  
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 Figure 19. Comparison of inventory levels for all the scenarios 

When we look at the injection and withdrawal decisions, a similar pattern is 

reflected across all the scenarios as shown by Figures 20 and 21.  When scenario 1 

provides the injection decision, all the remaining scenarios also provide injection 

decision. 
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Figure 20. Comparison of gas injection decision for all the scenarios 

 

 
Figure 21. Comparison of gas withdrawal decision for all the scenarios 
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The cumulative cash flow for all the scenarios is shown by Figure 23 below. 

More or less, the cash flow again shows a similar increasing or decreasing trend 

across all the scenarios. This is consistent with the withdrawal and injection 

decisions. It can be seen that the scenarios provide the best and the conservative 

profits possible. The heuristic algorithm provides the conservative solution, whereas 

the MIP provides the maximum solution. 

 
 Figure 22. Cash flow comparison for all the scenarios 

It is also important to note that scenarios 1 and 2 provide the same profit at 

the end of the desired storage facility time window for this case example. However, 

the cash flow is not exactly the same for both scenarios for specific time intervals as 

shown by Figure 22. This was because the withdrawal decisions made on each 

month differ in each scenario. It would be an interesting research problem to look at 

the risk associated with both scenarios. A good risk analysis approach for this type of 

problem is provided by Koberstein, Wolf, and König (2011). However, this case may 

change when we solve different size problems.   

-2000.00

-1500.00

-1000.00

-500.00

0.00

500.00

1000.00

1 2 3 4 5 6 7 8 9 10 11 12

Th
o

u
sa

n
d

s 
o

f 
$ Scenario 1

Scenario 2

Scenario 3

Scenario 3-Heuristic



79 

 

 

 
Figure 23. Scenario 1 and Scenario 2 decisions 
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Chapter 7: Conclusion and Future Research  

7.1. Conclusions 

Natural gas is a forerunner candidate to be used as a transition fuel as we shift 

from the consumption of fossil fuels to renewables. Therefore, there is a need to 

optimize the performance of the gas supply chain. Natural gas storage is the critical 

component of the supply chain since it is used to balance the gas supply and demand. 

However the valuation of the natural gas storage is very complex problem since it is 

highly affected by the financial aspects and physical storage facility characteristics. 

The complexities arise from stochastic gas price parameters, the non-linear gas 

injection and withdrawal flow rates which are functions of the square of gas flow 

velocity, and the type of storage facility. 

There are many natural gas storage valuation researches. However, a large 

portion of them focus on the financial aspect of the storage facility valuation with 

little emphasis on the complexities of the storage facility physical characteristics. 

Few of the research that address the physical storage facility characteristics are also 

applied to very small size problems. In this research, the physical storage facility 

characteristics in combination with the financial aspect of the natural gas storage 

valuation is addressed. A comprehensive mathematical storage facility valuation 

model that includes aboveground and underground storage facilities is formulated 

and solved efficiently.   

The research problem is formulated based on the tenet that natural gas traders 

lease a natural gas storage facility for a specific time period, usually for one year. 
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Then they need to know when to buy and inject natural gas to a storage facility, or 

when to withdraw from a storage facility and sell to maximize profit over the lease 

time window. A decision for the next day should be made by mid-night of the 

current day through the realization of the number of days left in the lease period. The 

problem needs to be solved in several minutes or less. However, the natural gas 

storage scheduling mathematical models take hundreds of days to solve optimally 

because of their complexities. 

  I proposed a heuristic approach that dramatically decreases the computation 

time from hundreds of days to fraction of a second, that provides a reasonable 

solution quality, and that incorporates all the possible gas storage facility 

complexities. In the heuristic approach, I decouple the problem into two stochastic 

linear problems and solve in two steps using simulation and simplex algorithm. The 

steps are determined based on the decision variables. There are three decision 

variables involved in the formulation: injection decision, withdrawal decision, and 

the inventory level. The inventory level is the function of both injection and 

withdrawal decisions. In the first step, I solve for the inventory level using simplex 

algorithm for every realization of price parameter. Then the output of the algorithm 

is used as input to the second step where I solve for injection and withdrawal 

decision variables. The second step provides an instance of approximate decision 

solution to the optimal solution. Hence, it needs to be resolved many times until a 

specified stopping criteria is satisfied. Since the model has also a stochastic price 

parameter, a simulation and optimization framework is used to solve the overall 

problem. The two steps above are run for every realization of price parameter until a 



82 

 

stopping criteria associated with the framework is satisfied. Then the final decision is 

made based on the expected value of the injection and withdrawal decision variables.  

The performance of the model is illustrated using case examples. The 

heuristic approach provide a solution quality of less than 0.05% for one month 

decision scenario. It decreases slightly and provides about 10% decline on the worst 

case scenario. However, it dramatically reduces the computation time from over 

hundred days to fraction of a second under the worst case solution quality scenario. 

The convergence of the heuristic to a solution is shown numerically. It converges 

monotonically for both of the stopping criterion used.  

Comparisons of the heuristic approach developed in this research is 

compared with models in the literature. The models are represented as scenarios. The 

scenarios have different degrees of complexity. The scheduling decisions made 

depend on the complexity of the problem. As the complexity of a storage model 

increases, the decisions become more conservative. It can also be seen that that the 

injection-withdrawal decisions follow a similar pattern of the storage historic data 

trend section of this report. The comparison of scenarios 1 and 2 indicate the same 

maximum profit. However, their withdrawal-injection decisions have slight 

variations. The decision maker has to look at the various decisions made over time 

rather than just considering the final profit. Generally, the scenarios give a good look 

into a gas storage optimization decision making strategies. The scenarios with the 

minimum and maximum values can be used as lower and upper bounds respectively 

for an expected profit.  
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The comprehensive mathematical model and the solution approach developed 

is more reliable than the models developed in the literature as far as my knowledge is 

concerned. The main contributions of this research are the formulation of the realistic 

natural gas storage valuation mathematical model that is applicable for the 

combination of both aboveground and underground storage facilities, and the 

efficient heuristic solution approach developed. Such an approach can be used in a 

variety of applications; for instance, the algorithm can be applied to a high 

penetration of renewables to electric power grid and fluid flow network optimization 

among others.  

7.2. Future Research Direction  

In addition to the storage facilities valuation algorithm proposed in this 

research, there are several extensions of the research that I would like to address 

during the next step of my career. These are interdependency modeling, pipelines 

storage optimization, studying the details of the cycling effect, and exploring other 

heuristic algorithms for gas storage optimization.   

7.2.1. Interdependency modeling  

There are several potential research areas for natural gas interdependency 

modeling such as (1) interdependency modeling of the natural gas supply chain 

components (2) Interdependency modeling between natural gas and renewables (3) 

Interdependency modeling between natural gas companies and auto-industries (4) 

Integration of refueling stations design and natural gas. 
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Interdependency modeling between natural gas and renewables 

The current consumption percentage of solar, wind, hydroelectric, and bio-

fuel renewable energies account less than 10% of the total energy in the United 

States.The capacity of these energy sources gradually increase to replace the usage of 

fossil fuels. Natural gas will be the preferred type of fossil fuel to exploit during the 

transition process because of its suitable characteristics. It will also be used as a 

backup energy source in case of supply interruption even if the renewables are fully 

developed and replace the consumption of fossil fuels Moniz et al. (2011). These 

require to model an interdependency between natural gas and the renewables 

(Keyaerts, Rombauts, Delarue, and D'haeseleer, 2010; Shearer, Bistline Inman and 

Davis, 2014). Input–Output Inoperability Model will be used as the main research 

methodology (Santos, 2006). 

Interdependency modeling between natural gas companies and auto-industries  

According to the U.S. Department of Transportation, transportation service 

needs increase by 2% each year. The production of automobiles is expected to 

increase by the same proportion as well. Considering that the automobiles engines 

will either be hybrids or use natural gas, the collaboration of the natural gas 

companies and auto industries will improve the both industries performances. This 

can be achieved through an interdependency modeling between the companies. 

Input–Output Inoperability Model will be used as the main research methodology. 
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Integration of refueling stations design and natural gas 

The number of natural gas refueling stations increase as most automobiles 

engines will either be hybrid or use natural gas. The amount of joules produced by 

one unit of, for example, oil is much greater than one unit of natural gas. Hence, 

more natural gas refueling stations are required compared to the existing gas stations. 

A thorough research analysis is required to advise the creation, design, and 

placement of the stations. In addition, the construction of future homes will provide 

an opportunity for residents to refuel from their own homes. These will further add a 

great deal of complexity and uncertainty in the design of the problem. Weiszfeld's 

Algorithm will be primarily used as the research methodology. 

Gas Supply Chain Interdependency Modeling 

An integrated system provides a big picture of a system’s performance to 

improve the efficiency. Likewise, integrating the natural gas supply chain upstream- 

storage-downstream enhances the natural gas supply chain system efficiency. The 

integration is achieved through the inter-dependency modeling of the upstream and 

the downstream components of the natural gas supply chain with the storage 

component. A good model is proposed by Hamedi, Husseini, and Esmaelian (2009) 

for a six level, multi period natural gas distribution networks. The levels defined 

were: suppliers, producers (refinery), first kind distributor (the compressor stations), 

wholesaler (local distribution centers), second kind distributor (city gas station), and 

consumers. The first level has two types of suppliers:  the gas and oil wells that 

provide raw materials as the first suppliers, and importation of final product as 

second type of suppliers. The sixth level has four consumer groups: injection oil 
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wells as type one consumers, domestic and commercial subscribers as type two 

consumers, power plant as type three consumers, and exportation as type four 

consumers. The supply chain network showing the relationship between the levels is 

shown by Figure 24.  

They formulated a multi-period mixed integer non-linear programming 

problem including one month time intervals to design the network. The nonlinear 

terms were linearized by adding additional constraints. The problem was solved level 

by level, heuristically, where the solution for the first level is used as an input for the 

second level, and so on. They were able to solve the problem in reasonable time, 

with a good precision.  

 
           Figure 24. An example of gas supply chain interdependency modeling 

           Source: Hamedi et al.,2009 
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 Incorporating the details of the gas storage schedule optimization model 

developed in this research to Hamedi et al. (2009) will improve the efficiency of the 

natural gas supply chain. However, the model becomes very complicated to solve as 

a single problem. Proposing a systematic approach to solve such a problem will be a 

good research problem candidate. 

7.2.2. Pipelines storage optimization  

The pipeline storage model addressed in this research is based on horizontal 

laminar flow. But in real world, the pipelines are angular. One can easily incorporate 

the pipeline inclination model into the problem we formulate and solve for large 

scale network.  

Currently, the Unites States has very complicated natural gas transportation 

infrastructure. As of 2009, there were about 210 natural gas pipeline systems which 

cover over 305,000 miles. Thirty one states depend on interstate natural gas supply 

for about 85% of their demand, while interstate constitutes about seventy one percent 

of the United States pipeline network.  Among these, thirty percent of the total U.S. 

pipelines mileage operates within state borders. They get supply from interstate 

pipelines and local gas producers, and carry to local customers (EIA, 2014).  

Texas is the leading natural gas consuming state. It has also the largest 

intrastate pipeline network which is 45,000 miles. Texas is still expanding the 

network due to increase in demand and expansion of natural gas production. The 

pipeline network is shown in Figure 25 below. The blue and red lines show the 

interstate and intrastate pipelines respectively. Sixteen of the thirty one major 
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interstate pipelines emerge from the Southwest states. In most cases some of the 

pipelines pass through many states before they reach the final delivery point (EIA, 

2014; NaguraGas.org). 

The desired natural gas pipeline utilization is when a pipeline company 

operates at its full capacity. But factors such as maintenance services (scheduled and 

unscheduled), fluctuation in market demand, and problems pertaining to weather 

fluctuation affects the performance. 

 

 
Figure 25. The United States natural gas pipeline network as of 2013 

Source: Energy Information Administration (EIA, 2014) 

This may attract attention to the possibility of reanalyzing the current pipeline 

network system and see if there could be an alternative design to minimize the 

interstate pipeline network. It is not achieved by demolishing and rebuilding the 
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existing pipeline networks; since it may not be feasible. But it provides good 

information for new network design. For example, Texas is expanding the pipeline 

network because of demand increase in the state.  The analyses can also help a new 

pipeline extension to new shale gas exploration areas such as to New England, 

Southeast, Northeast, Midwest, Central, and West United States. 

The movement of natural gas cannot be practical without the presence of 

compressors. Both the inter and intra pipeline systems have more than 1,400 

compressor stations which control the forward movement of natural gas in the 

pipelines throughout the country (see Figure 26).The stations are shown by red 

rectangular dots. Compressors are used to maintain the required pressure for the 

natural gas movement along the transmission grids. But the number of compressors 

depends on the type of transmission grid. If looping transmission grid is used, the 

number of compressors might be small. “Looping is when one pipeline is laid 

parallel to another and is often used as a way to increase capacity along a right-of-

way beyond what is possible on one line or an expansion of an existing 

pipeline”(EIA, 2014). The reason is that looping helps as a backup along the 

transmission grids. It provides the gas for lower level pipes to maintain the pressure. 

It also helps as a storage device to capture pick demands. The transmission grid is a 

natural gas mainline with wide diameter. It is usually used for long distance 

transportation, unlike the lateral transmission. Lateral transmission grids are used for 

short distance distributions.  Most compressors follow chicken-egg-chicken 

principle. They use the energy to run from the transmission line. But recently 
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because of environmental concerns, the utilization of electric driven compressors is 

being adopted (EIA, 2014). 

 

 
Figure 26. Natural gas pipeline compressor stations illustration 

Source: EIA,2014 

Determining the location of the compressor stations along the pipelines is a 

big challenge. However, based on state equations of flow of gas in a pipeline, if we 

know the rate of decrease of the gas pressure along the pipeline, we can boost the 

pressure back when it falls below the required value. This can be done by 

continuously monitoring/simulating the gas flow (Munoz, Jimenez-Redondo, Perez-

Ruiz, and Barquin, 2003).  
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7.2.3. Cycling 

To optimize the combined depleted reservoir and salt cavern, the cycling 

effect needs to be considered.  Usually we add gas to storage from April through 

October, and sell from October through March. The natural gas traders make 

purchase during the first seven months and then sell the stored gas for the next five 

months. Suppose that they purchase at price b, which is random variable, and we sell 

at price s random variable.  Assume they buy as much as they can during the first 

seven months, but the demand is limited and unknown. Assume the demand follows 

random distribution. It will be an interesting topic to combine the cycling effect to 

the combination of supply and demand of the different energy sources. The 

proportion of the different energy sources supply and demand is given by the 

following picture..  

 

   Figure 27. Sources and uses of natural gas in the U.S. as of 2009 

   Source: Moniz et al., 2011 
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7.2.4. A meta-heuristic algorithm 

This research can also be extended to a comparison of the model developed 

in this research with the performance of a meta-heuristic genetic algorithm in 

addition to the global solution. A preliminary formulation and result is presented 

here, which can be extended to a full comparison of the models.  

Given the realization of gas price on a given day, it is required to know how 

much gas to buy and store or remove from a storage facility and sell to maximize 

profit over a specific lease period T, subject to the use-or- lose lease policy, 

inventory level, storage capacity, gas flow rate (injection and withdrawal), gas 

supply, and gas demand constraints. The problem can be re-formulated as follows.  

Objective function  

For the storage facility k on a given day t, the profit is calculated by 

deducting the revenue generated by gas sell revenue minus the costs as shown below. 

𝐹(𝑡, 𝑘) = 𝑟𝑒𝑣𝑒𝑛𝑢𝑒(𝑡, 𝑘, 𝑠) − 𝑐𝑜𝑠𝑡(𝑡, 𝑘, 𝑠) 

The revenue is obtained by multiplying the simulated gas price by the 

withdrawal rate. 

𝑟𝑒𝑣𝑒𝑛𝑢𝑒(𝑡, 𝑘, 𝑠) =   𝑃𝑡𝑘𝑠𝑊𝑡𝑘 

𝑐𝑜𝑠𝑡(𝑡, 𝑘, 𝑠) =  𝑃𝑡𝑘𝑠𝐽𝑡𝑘 + 𝐿𝑡𝑘 + 𝐶𝑡𝑘 
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The total profit for all storage facilities over a time horizon T is given as 

follows can be given by the maximization of the following equation. 

max [∑∑𝑃𝑡𝑘𝑠𝑎𝑡𝑘𝑊𝑡𝑘

𝐾

𝑖

−  ∑∑𝑃𝑡𝑘𝑠𝑏𝑡𝑘𝐽𝑡𝑘

𝐾

𝑖

𝑇

𝑡

𝑇

𝑡

] 

Constraint 1  

The sum of the injections of a given facility over the remaining days in the 

lease period and the beginning working inventory of the facility should be equal to 

the sum of the withdrawals of a facility over the lease period and the gas loss over 

the lease period. 

The beginning working inventory and the sum of the injection of a given 

facility over the remaining days in the lease period should be equal the sum of the 

withdrawal of a facility over the remaining days in lease period and the gas loss over 

the lease period. Note that the beginning inventory on the first day of the lease is 

zero. This constraint is based on the fact that the gas left in the storage facility at the 

end of the lease is void. All that was purchased should be sold the latest on the last 

day of the lease. We also assume that the generators that operate the storage facility 

use the working inventory gas. 

𝐼𝑡𝑘 + ∑𝐽𝑡𝑘 −

𝑇

𝑡

∑𝑊𝑡𝑘 −

𝑇

𝑡

∑𝐿𝑡𝑘 = 0; 

𝑇

𝑡

∀𝑘 
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Constraint 2  

The inventory at the beginning of a time period t should be equal to the 

beginning inventory of the previous day, plus the injection on the previous day, 

minus the withdrawal on the previous day, minus the lost gas on the previous day. 

𝐼𝑡𝑘 − 𝐼𝑘(𝑡−1)  − 𝐽𝑘(𝑡−1) +𝑊𝑘(𝑡−1) + 𝐿𝑘(𝑡−1) = 0 

Constraint 3  

The working inventory on a given day should not exceed the maximum 

working gas capacity. 

0 ≤ 𝐼𝑡𝑘 ≤ 𝐼max(𝑘), ∀𝑡, ∀𝑘 

Constraint 4 

Injection rate constraint  

𝐽𝑘𝑖  ≤    𝐽𝑚𝑎𝑥(𝑘)√
𝐼𝑏(𝑘)(𝐼𝑚𝑎𝑥(𝑘) − 𝐼𝑡(𝑘))

𝐼𝑚𝑎𝑥(𝑘)(𝐼𝑡(𝑘) + 𝐼𝑏(𝑘))
 

Constraint 5 

Withdrawal rate constraint  

𝑊𝑡𝑘 ≤ 𝑊𝑚𝑎𝑥(𝑘) √
𝐼𝑡(𝑘)

𝐼𝑚𝑎𝑥(𝑘)
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Constraint 6  

The supply constraint. The supply is the forecast for time period t. 

∑ 𝐽𝑡𝑘
𝑘 𝜀 𝐾 

 ≤ 𝑆𝑡𝑘 , ∀𝑡 

Constraint 7  

The demand constraint. The demand is based on demand forecast for a period time t. 

∑ 𝑊𝑡𝑘

𝑘 𝜀 𝐾 

 ≤ 𝐷𝑡𝑘 , ∀𝑡 

Fundamentals of the Natural Gas Genetic Algorithm Implementation  

The Genetic algorithm is started with generating the initial population, which 

is called chromosome (Chu and Beasley, 1997; Walters and Sheble, 1993). The 

chromosomes of the algorithm is composed of injection and withdrawal decision 

variables and moreover how much are the injection or withdrawal should be in each 

period. A binary decision of “0” when there is no injection or withdrawal for a 

storage facility and “1” when there is an injection decision or a withdrawal decision 

for a storage facility. 

Then the offspring of the population is generated. The crossover and 

mutation process is on the withdrawal and deposit rate. The Figure 28 represents the 

crossover result for two chromosomes. The 𝐼𝑖 and 𝐼′𝑖  in the yellow cell and the 𝑊𝑖 

and 𝑊′𝑖  in orange cells change their location to produce new offspring (Baker and 

Ayechew, 2003; Ahn and Ramakrishna, 2002). 
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I1 I2 I3 … In-1 In W1 W2 W3 W4 … Wn-2 Wn-1 Wn 

              I'1 I'2 I'3 … I'n-1 I'n W'1 W'2 W'3 W'4 … W'n-2 W'n-1 W'n 

 

I1 I'2 I'3 … In-1 In W1 W2 W'4 W4 … Wn-2 Wn-1 Wn 

              I'1 I2 I3 … I'n-1 I'n W'1 W'2 W'3 W3 … W'n-2 W'n-1 W'n 
 Figure 28. Crossover process 

The mutation process happens when the amounts in cells are changed 

randomly. The Figure 29 represents the mutation. In this figure the value of yellow 

cells are changed randomly.   

I1 I2 I3 … In-1 In W1 W2 W3 W4 … Wn-2 Wn-1 Wn 

              I1 I"2 I"3 … In-1 In W1 W2 W3 W4 … W"n-2 W"n-1 Wn 
 Figure 29. Imitation process 

  A candidate solution is a string whose length is the product of the number of 

storage facilities and the number of days left in the lease period. The initial 

population is created randomly. After trial and error, a population of size 100 

chromosomes provides a good result. After running the genetic algorithm with 1000 

iterations, the objective function cost of withdrawal or injection is shown in Figure 

29. As it can be seen from the graph by increasing the number of iterations we obtain 

better answers in the feasible area which means that the GA works from a feasible 

solution. We set the values in such a way that it approaches the objective function to 

the optimal answer. 
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 Figure 29.   GA algorithm result after 1000 operation 

For each chromosome, the inventory level is determined and no longer a 

variable. The only variables are the injection and withdrawal rates, which makes the 

problem easier to solve similar to the heuristic approach developed in this research.  

  

GA 



98 

 

References 

Ahn, C. W., & Ramakrishna, R. S. (2002). A genetic algorithm for shortest path 

routing problem and the sizing of populations. Evolutionary Computation, 

IEEE Transactions on, 6(6), 566-579. 

 

Aminian, K., & Mohaghegh, S. D. (2009). Natural Gas Storage Engineering. West 

Virginia University. 

 

Anadon, L. D., Bunn, M., Gallagher, K. S., & Jones, C. (2009). Tackling US energy 

challenges and opportunities: Preliminary policy recommendations for 

enhancing energy innovation in the United States. Belfer Center for Science 

and International Affairs, John F. Kennedy School of Government, Harvard 

University. 

 

Andrzej, J. O. (1998). Hierarchical control of transient flow in natural gas pipeline 

systems. International Transactions in Operational Research, 5(4), 285-302. 

 

Anyadiegwu, C. I. C. (2013). Model for detection of gas loss by leakage from the gas 

storage reservoir.  

 

Aouam, T., Rardin, R., & Abrache, J. (2010). Robust strategies for natural gas 

procurement. European Journal of Operational Research, 205(1), 151-158. 

 

Avery, W., Brown, G. G., Rosenkranz, J. A., & Wood, R. K. (1992). Optimization of 

purchase, storage and transmission contracts for natural gas utilities. 

Operations Research, 40(3), 446-462. 

 

Awad, D. (2010). Supply chain integration: definition and challenges. Management 

and Technology (IJIMT, 1(1). 

 

Azin, R., Nasiri, A., & Entezari, J. (2008). Underground gas storage in a partially 

depleted gas reservoir. Oil & Gas Science and Technology-Revue de l'IFP, 

63(6), 691-703. 

 

Balat, M. (2009). Global trends on production and utilization of natural gas. Energy 

Sources, Part B, 4(4), 333-346. 

 

Barajas, P. E., & Civan, F. (2014). Effective Modeling and Analysis of Salt-Cavern 

Natural-Gas Storage. SPE Production & Operations, 29(01), 51-60. 

 

Bardi, U. (2013). The grand challenge of the energy transition. Frontiers in Energy 

Research, 1, 2. 

 

Baker, B. M., & Ayechew, M. A. (2003). A genetic algorithm for the vehicle routing 

problem. Computers & Operations Research, 30(5), 787-800. 



99 

 

 

Baker, R. W., & Lokhandwala, K. (2008). Natural gas processing with membranes: 

an overview. Industrial & Engineering Chemistry Research, 47(7), 2109-2121. 

 

Bary, A., Crotogino, F., Prevedel, B., Berger, H., Brown, K., Frantz, J., ... & Ren, N. 

(2002). Storing natural gas underground. Oilfield Review, 14(2), 2-17. 

Beér, J. M. (2007). High efficiency electric power generation: The environmental 

role. Progress in Energy and Combustion Science, 33(2), 107-134. 

 

Belkin, P., Nichol, J., & Woehrel, S. (2013). Europe’s energy security: options and 

challenges to natural gas supply diversification. Congressional Research 

Service, 7-5700. 

Belyaev, B. M., & Patrikeev, V. G. (2003). Influence of Variations of the 

Composition of Natural Gas from Different Fields on the Results of Mass and 

Volumetric Flow rate Measurement under Standard Conditions in Gas 

Distribution Organizations. Measurement Techniques, 46(5), 462-465. 

 

Belyaev, B. M., Gushchin, A. A., & Shenbrot, I. M. (1999). State of the art and 

development prospects in metrological support to natural gas metering. 

Measurement Techniques, 42(10), 1004-1007. 

 

Bernard, G. G., & Holm, L. W. (1970). Model study of foam as a sealant for leaks in 

gas storage reservoirs. Society of Petroleum Engineers Journal, 10(01), 9-16. 

 

Bielak, J. W., & Steeb, D. T. (1999). U.S. Patent No. 5,873,049. Washington, DC: 

U.S. Patent and Trademark Office. 

 

Biner, M., Boles, A., Cwagenberg, J., Gates, O., & Ilayian, R. (2014). Natural Gas as 

a Bridge Fuel: A Case Study of Natural Gas & Coal in Pennsylvania. 

 

Bjerksund, P., Stensland, G., & Vagstad, F. (2008). Gas storage valuation: Price 

modelling v. optimization methods. Optimization Methods (October 17, 2008). 

NHH Dept. of Finance & Management Science Discussion Paper, (2008/20). 

 

Blanco, C., & Stefiszyn, P. (2002). Valuing natural gas storage using seasonal 

principal component analysis. Financial Engineering Associates INC. 

 

Bopp, A. E., Kannan, V. R., Palocsay, S. W., & Stevens, S. P. (1996). An 

optimization model for planning natural gas purchases, transportation, storage 

and deliverability. Omega, 24(5), 511-522. 

 

Boogert, A., & De Jong, C. (2008). Gas storage valuation using a Monte Carlo 

method. The journal of derivatives, 15(3), 81-98. 



100 

 

 

Borraz-Sanchez, C. (2010). Optimization methods for pipeline transportation of 

natural gas. 

 

Bowker, K. A. (2007). Barnett Shale gas production, Fort Worth Basin: issues and 

discussion. AAPG bulletin, 91(4), 523-533. 

 

Breslin, J., Clewlow, L., Elbert, T., Kwok, C., & Strickland, C. (2008). Gas Storage: 

Overview & Static Valuation. Lacima Group. 

 

Breslin, J., Clewlow, L., Elbert, T., Kwok, C., Strickland, C., & van der Zee, D. 

(2009). Gas storage: Rolling instrinsic valuation. Energy Risk, January, 61-65. 

 

Brown, S. P., Krupnick, A., & Walls, M. A. (2009). Natural gas: a bridge to a low-

carbon future. Issue brief, 09-11. 

 

Buschbach, T. C., & Bond, D. C. (1974). Underground storage of natural gas in 

Illinois, 1973 (Vol. 101). Department of Registration and Education, Illinois 

State Geological Survey. 

 

Butler, J. C., & Dyer, J. S. (1999). Optimizing natural gas flows with linear 

programming and scenarios. Decision Sciences, 30(2), 563-580. 

 

Carmona, R., & Ludkovski, M. (2005). Gas storage and supply guarantees: an 

optimal switching approach. submitted to Management Science. 

 

Caton, H. G. (1984). Gas supply and storage planning: A simulation approach. 

Journal of the Operational Research Society, 593-596. 

 

Chen, C. H., He, D., Fu, M., & Lee, L. H. (2008). Efficient simulation budget 

allocation for selecting an optimal subset. INFORMS Journal on Computing, 

20(4), 579-595. 

 

Chen, C. H., Lin, J., Yücesan, E., & Chick, S. E. (2000). Simulation budget 

allocation for further enhancing the efficiency of ordinal optimization. Discrete 

Event Dynamic Systems, 10(3), 251-270. 

  

Chen, Z., & Forsyth, P. A. (2007). A semi-Lagrangian approach for natural gas 

storage valuation and optimal operation. SIAM Journal on Scientific 

Computing, 30(1), 339-368. 

 

Chen, Z., & Forsyth, P. A. (2010). Implications of a regime-switching model on 

natural gas storage valuation and optimal operation. Quantitative Finance, 

10(2), 159-176. 

 



101 

 

Chin, L., & Vollmann, T. E. (1992). Decision support models for natural gas 

dispatch. Transportation journal, 38-45. 

 

Chopra, S., & Meindl, P. (2007). Supply chain management. Strategy, planning & 

operation (pp. 265-275). Gabler. 

 

Chu, P. C., & Beasley, J. E. (1997). A genetic algorithm for the generalized 

assignment problem. Computers & Operations Research, 24(1), 17-23. 

 

Coelho, P. M., & Pinho, C. (2007). Considerations about equations for steady state 

flow in natural gas pipelines. Journal of the Brazilian Society of Mechanical 

Sciences and Engineering, 29(3), 262-273. 

 

Cont, R., & Voltchkova, E. (2005). Integro-differential equations for option prices in 

exponential Lévy models. Finance and Stochastics, 9(3), 299-325. 

 

Contesse, L., Ferrer, J. C., & Maturana, S. (2005). A mixed-integer programming 

model for gas purchase and transportation. Annals of Operations Research, 

139(1), 39-63. 

 

Corporation (FERC and NERC 2011).  Report and Outages and Curtailments during 

the Southwest Cold Weather Event on Feb 5-11. Causes and Recommendation. 

 

George Dantzig (1963) Linear Programming and Extensions. Princeton University 

Press. 

 

Demirbas, A. (2010). Methane Gas Hydrate. Springer Science & Business Media. 

Devold, H. (2013). Oil and gas production handbook: an introduction to oil and gas 

production. Lulu. com. 

 

Dietert, J. A., & Pursell, D. A. (2000). Underground natural gas storage. URL 

http://www. worldoil. com/WO_RESEARCH/Research/062800storage. pdf. 

 

Ding, H., Benyoucef, L., & Xie, X. (2009). Stochastic multi-objective production-

distribution network design using simulation-based optimization. International 

Journal of Production Research, 47(2), 479-505. 

 

Economides, M. J., & Wang, X. (2013, September). A Modern Approach to 

Optimizing Underground Natural Gas Storage. In SPE Annual Technical 

Conference and Exhibition. Society of Petroleum Engineers. 

 

Energy Information Administration. (2014). Gas Storage report: Overview, data, 

analysis and projections. http://www.eia.gov/naturalgas/ 

 

http://books.google.nl/books?id=2j46uCX5ZAYC&printsec=frontcover&redir_esc=y#v=onepage&q&f=false


102 

 

Energy Information Administration.(2006). Natural Gas Processing: The Crucial  

Link Between Natural Gas Production and Its Transportation to Market. 

http://www.arcticgas.gov/sites/default/files/documents/2006-eia-ng-

processing.pdf 

 

Federal Energy Regulatory Commission and the North American Electric Reliability. 

https://www.ferc.gov/.../E-10.pdf 

 

Flanigan, O (1995). Underground Gas Storage Facilities: Design and 

Implementation . Gulf Publishing Company: Houston, Texas. 

 

Felix, B., Woll, O., & Weber, C. (2009). Gas storage valuation under limited market 

liquidity: An application in Germany. Available at SSRN 1657054. 

 

Felix, B. J., & Weber, C. (2012). Gas storage valuation applying numerically 

constructed recombining trees. European Journal of Operational Research, 

216(1), 178-187. 

 

Felix, B. (2012). Gas Storage Valuation: A Comparative Simulation Study. 

 

Forsyth, P. (2005). An introduction to computational finance without agonizing pain. 

School of Computer Science, University of Waterloo. 

 

Friedman, L. W., & Pressman, I. (1988). The metamodel in simulation analysis: can 

it be trusted?. Journal of the Operational Research Society, 939-948. 

 

Furey, B. P. (1993). A sequential quadratic programming-based algorithm for 

optimization of gas networks. Automatica, 29(6), 1439-1450. 

 

Gaur, V., Seshadri, S., & Subrahmanyam, M. G. (2007). Optimal timing of inventory 

decisions with price uncertainty. New York University, Leonard N. Stern 

School of Business, New York, NY, USA. 

 

Geman, H. (2007). Mean reversion versus random walk in oil and natural gas prices. 

In Advances in Mathematical finance (pp. 219-228). Birkhäuser Boston. 

 

Gill, P. E., Murray, W., & Wright, M. H. (1981). Practical optimization (Vol. 5). 

London: Academic press. 

 

Ginzburg, Y. (2006). ANG storage as a technological solution for the “chicken-and-

egg” problem of NGV refueling infrastructure development. In 23rd World 

Gas Conference, Amsterdam. 

 

 

http://www.arcticgas.gov/sites/default/files/documents/2006-eia-ng-processing.pdf
http://www.arcticgas.gov/sites/default/files/documents/2006-eia-ng-processing.pdf


103 

 

Green econometrics. Information and analysis on the economics of solar and 

alternative energies.http://greenecon.net/how-to-measure-fuel-efficiency-

energy-costs-and-carbon-emissions-for-home-heating/energy_economics.html 

(accessed 2011). 

 

Greving,G.Gasterra,B.V. (2009).The Global Energy Challenge: Reviewing the 

Strategies for Natural Gas, Argentina, October 5-9. 

 

Gross,D. and Harris,C.M.(1985). Fundamentals of queuing theory. New York: John 

Wiley & Sons. 2nded.  

 

Guldmann, J. M. (1986). A marginal-cost pricing model for gas distribution utilities. 

Operations research, 34(6), 851-863. 

 

Guldmann, J. M. (1983). Supply, storage, and service reliability decisions by gas 

distribution utilities: a chance-constrained approach. Management Science, 

29(8), 884-906. 

 

Guldmann, J. M., & Wang, F. (1999). Optimizing the natural gas supply mix of local 

distribution utilities. European Journal of Operational Research, 112(3), 598-

612. 

Gumrah, F., Izgec, Ö., Gokcesu, U., & Bagci, S. (2005). Modeling of underground 

gas storage in a depleted gas field. Energy sources, 27(10), 913-920. 

 

Gunes, E. F. (2013). Optimal design of a gas transmission network: A case study of 

the Turkish natural gas pipeline network system. 

 

Hamedi, M., Farahani, R. Z., Husseini, M. M., & Esmaeilian, G. R. (2009). A 

distribution planning model for natural gas supply chain: A case study. Energy 

Policy, 37(3), 799-812. 

 

Herbert, J. H. (1993). The relation of monthly spot to futures prices for natural gas. 

Energy, 18(11), 1119-1124. 

 

Hoagie, M., Amorer, G., Wang, X., & Economides, M. J. (2013, March). The Role 

of Underground Storage in Large Natural Gas Production Operation. In IPTC 

2013: International Petroleum Technology Conference. 

 

Hodges, S. D. (2004, November). The value of a storage facility. In Proceedings 

(437–069) Conference on Financial Engineering and Applications (pp. 1-22). 

MIT, Cambridge, Mass. 

 

Höffler, F., & Kübler, M. (2007). Demand for storage of natural gas in northwestern 

Europe: Trends 2005–30. Energy Policy, 35(10), 5206-5219. 

 

http://greenecon.net/


104 

 

Holdren, J. (1999). Federal energy research and development for the challenges of 

the 21st century. Lewis M. Branscomb and James H. Keller, 1. 

 

Holland, A. (2008, November). A decision support tool for energy storage 

optimization. In Tools with Artificial Intelligence, 2008. ICTAI'08. 20th IEEE 

International Conference on (Vol. 2, pp. 299-306). IEEE. 

 

Holland, A. (2007, March). Injection/withdrawal scheduling for natural gas storage 

facilities. In Proceedings of the 2007 ACM symposium on Applied computing 

(pp. 332-333). ACM. 

 

Holland, A. (2008). Optimization of injection/withdrawal schedules for natural gas 

storage facilities. In Applications and Innovations in Intelligent Systems XV 

(pp. 287-300). Springer London. 

 

Holland, A. (2010). A decision support system for energy storage traders. In 

Artificial Intelligence and Cognitive Science (pp. 291-292). Springer Berlin 

Heidelberg. 

 

Holland, A. (2009, June). Strategic interaction in ratcheted gas storage. In Industrial 

Informatics, 2009. INDIN 2009. 7th IEEE International Conference on (pp. 

244-249). IEEE. 

 

Holland, A. A Game Theoretic Analysis of Shared Natural Gas Storage Facilities. 

 

Hossain, K. A. (2012). Global energy consumption pattern and GDP. Int. J. 

Renewable Energy Technol. Res, 1, 23-29. 

 

Hughes, D. (2011). Report: Will Natural Gas Fuel America in the 21 st Century. 

Post-carbon Institute, May, 29. 

 

Ikoku, Chi U.(1980). Natural Gas Engineering. Tulsa, Oklahoma: PennWell 

Publishing Company. 

 

Jansen, J. D. (2013). A systems description of flow through porous media. New 

York: Springer. 

 

Johnson, N., Gagnolet, T., Ralls, R., & Stevens, J. (2011). Natural Gas Pipelines. 

Nature. org. 

 

Juris, A. (1998). Development of natural gas and pipeline capacity markets in the 

United States. World Bank Publications. 

 

Kabirian, A., & Hemmati, M. R. (2007). A strategic planning model for natural gas 

transmission networks. Energy policy, 35(11), 5656-5670. 



105 

 

Kabirian, A., & Olafsson, S. (2007, December). Allocation of simulation runs for 

simulation optimization. In Proceedings of the 39th conference on Winter 

simulation: 40 years! The best is yet to come (pp. 363-371). IEEE Press. 

 

Kalvelagen, E. (2003). An improved formulation for a gas transportation problem. 

Scientific Literature Digital Library and Search Engine. doi, 10(1.13), 4509. 

 

Kato, K., Igarashi, K., Masuda, M., Otsubo, K., Yasuda, A., Takeda, K., & Sato, T. 

(1999). Development of engine for natural gas vehicle (No. 1999-01-0574). 

SAE Technical Paper. 

 

Katz, D. L. V. (Ed.). (1959). Handbook of natural gas engineering. McGraw-Hill. 

 

Katz, D. L., & Tek, M. R. (1981). Overview on underground storage of natural gas. 

Journal of Petroleum Technology, 33(06), 943-951. 

 

Kaufman, G. M. (1963). Statistical decision and related techniques in oil and gas 

exploration. Prentice-Hall. 

 

Keyaerts, N. R., Rombauts, Y., Delarue, E. D., & D'haeseleer, W. D. (2010, June). 

Impact of wind power on natural gas markets: inter market flexibility. In 

Energy Market (EEM), 2010 7th International Conference on the European 

(pp. 1-6). IEEE. 

 

Kidnay, A. J., Parrish, W. R., & McCartney, D. G. (2011). Fundamentals of natural 

gas processing (Vol. 218). CRC Press. 

 

Klibi, W., & Martel, A. (2009). The design of effective and robust supply chain 

networks. CIRRELT. 

 

Knepper, G. A. (1997). Underground storage operations. JPT, Journal of Petroleum 

Technology, 49(10). 

 

Koberstein, A., Lucas, C., Wolf, C., & König, D. (2011). Modeling and optimizing 

risk in the strategic gas-purchase planning problem of local distribution 

companies. The Journal of Energy Markets, 4(3), 47-67. 

 

Kouba, G. E. (1986). Horizontal slug flow modeling and metering. Tulsa Univ., OK 

(USA). 

 

Kurz, Rainer, Sebouh Ohanian, and Matt Lubomirsky. "On compressor station 

layout." Proceedings of the ASME Turbo Expo Power (2003). 

 

Kuye, A., & Ezuma, U. (2008). Computation of Natural Gas Flow Rate using a 

Spreadsheet. Leonardo Journal of Sciences, 7(12), 111-120. 



106 

 

Laherrère, J. H. (2004). Natural gas future supply. IIASA-IEW Paris IEA June, 22-

24. 

 

Lai, G., Margot, F., & Secomandi, N. (2010). An approximate dynamic 

programming approach to benchmark practice-based heuristics for natural gas 

storage valuation. Operations research, 58(3), 564-582. 

 

Lasota, A., & Mackey, M. C. (1985). Probabilistic properties of deterministic 

systems. Cambridge University Press. 

 

Law, A.M. and Kelton,W.D.(1991). Simulation modeling and analysis. USA: 

McGraw-Hill,Inc. 2nd ed.  

 

Lee, L. H., Chen, C. H., Chew, E. P., Li, J., Pujowidianto, N. A., & Zhang, S. (2010). 

A review of optimal computing budget allocation algorithms for simulation 

optimization problem. International Journal of Operations Research, 7(2), 19-

31. 

 

Levin, B.(2011).Large Energy Storage Systems. Boca Raton, FL: Taylor & Francis 

Group. 

 

Levary, R. R., & Dean, B. V. (1980). A natural gas flow model under uncertainty in 

demand. Operations Research, 28(6), 1360-1374. 

 

Liu, N. and Civan, F. (2005). Underground Gas Storage Inventory Analysis by a 

Noniterative Method. Journal of Energy Resources Technology, 127(2), 63-

165. 

 

Liang, F. Y., Ryvak, M., Sayeed, S., & Zhao, N. (2012). The role of natural gas as a 

primary fuel in the near future, including comparisons of acquisition, 

transmission and waste handling costs of as with competitive alternatives. 

Chemistry Central Journal, 6(Suppl 1), S4. 

 

Li, Q., YU, L. L., LIU, Z. K., & GAO, X. R. (2008). Integrated Drilling Risk 

Evaluation Method and Model Establishment [J]. Natural Gas Industry, 5, 052. 

 

Ludkovski, M. (2005). Optimal switching with applications to energy tolling 

agreements (Doctoral dissertation, Princeton University). 

 

Ludtke, P. R. (1986). Natural gas handbook (No. PB-87-141487/XAB; NBSIR-

86/3057). National Bureau of Standards, Boulder, CO (USA). Chemical 

Engineering Science Div. 

 



107 

 

Mahmoudimehr, J., & Sanaye, S. (2013). Minimization of fuel consumption of 

natural gas compressor stations with similar and dissimilar turbo-compressor 

units. Journal of Energy Engineering, 140(1). 

 

Makassikis, C., Vialle, S., & Warin, X. (2007, December). Distribution of a 

stochastic control algorithm applied to gas storage valuation. In Signal 

Processing and Information Technology, 2007 IEEE International Symposium 

on (pp. 485-490). IEEE. 

 

Maria, A. (1997, December). Introduction to modeling and simulation. In 

Proceedings of the 29th conference on Winter simulation (pp. 7-13). IEEE 

Computer Society. 

 

Menezes, M. (2001). Calculating & Optimizing Repeatability of Natural Gas Flow 

Measurements. Pipeline & Gas Journal. 

 

Midthun, K. T., Bjørndal, M., & Tomasgard, A. (2009). Modeling optimal economic 

dispatch and system effects in natural gas networks. The Energy Journal, 155-

180. 

 

Mishra, P. (2012). Forecasting Natural Gas Price-Time Series and Nonparametric 

Approach. Lecture Notes in Engineering and Computer Science, 2197. 

 

Mitchell, M. (1998). An introduction to genetic algorithms. MIT press. 

 

Moniz, E. J., Jacoby, H. D., Meggs, A. J. M., Armtrong, R. C., Cohn, D. R., 

Connors, S. R., ... & Kaufman, G. M. (2011). The future of natural gas. 

Massachusetts Institute of Technology report. 

 

Mokhatab, S., & Poe, W. A. (2012). Handbook of natural gas transmission and 

processing. Gulf Professional Publishing. 

 

Mokhatab,M.,William,A., Poe,J., Speight, G .( 2006). Handbook of Natural Gas 

Transmission And Processing. USA: Elsevier Inc. 

 

Mokhatab, S., Santos, P., & Cleveland, T. (2007). Compressor station design criteria. 

Pipeline and Gas Journal, June. 

 

Mu, X. (2007). Weather, storage, and natural gas price dynamics: Fundamentals and 

volatility. Energy Economics, 29(1), 46-63. 

 

Munoz, J., Jimenez-Redondo, N., Perez-Ruiz, J., & Barquin, J. (2003, June). Natural 

gas network modeling for power systems reliability studies. In Power Tech 

Conference Proceedings, 2003 IEEE Bologna (Vol. 4, pp. 8-pp). IEEE. 

 

http://www.google.com/search?hl=en&client=firefox-a&hs=yuo&rls=org.mozilla:en-US:official&tbm=bks&q=inauthor:%22Saeid+Mokhatab%22&sa=X&ei=pAp6T8rGHOLm2gW20ZG2Bg&ved=0CCcQ9Ag
http://www.google.com/search?hl=en&client=firefox-a&hs=yuo&rls=org.mozilla:en-US:official&tbm=bks&q=inauthor:%22Saeid+Mokhatab%22&q=inauthor:%22William+A.+Poe%22&sa=X&ei=pAp6T8rGHOLm2gW20ZG2Bg&ved=0CCgQ9Ag
http://www.google.com/search?hl=en&client=firefox-a&hs=yuo&rls=org.mozilla:en-US:official&tbm=bks&q=inauthor:%22Saeid+Mokhatab%22&q=inauthor:%22William+A.+Poe%22&q=inauthor:%22J.+G.+Speight%22&sa=X&ei=pAp6T8rGHOLm2gW20ZG2Bg&ved=0CCkQ9Ag


108 

 

Muthuraman, K., Aouam, T., & Rardin, R. (2008). Regulation of natural gas 

distribution using policy benchmarks. Operations research, 56(5), 1131-1145. 

 

NaturalGas.org. Exploration.http://www.naturalgas.org/naturalgas/exploration.asp. 

NaturalGas.org. Natural Gas and the Environment.  

http://www.naturalgas.org/environment/naturalgas.asp (accessed in 2011) 

 

Neumann, A., & Zachmann, G. (2009). Expected vs. observed storage usage: Limits 

to intertemporal arbitrage. In The Economics of Natural Gas Storage (pp. 13-

29). Springer Berlin Heidelberg. 

 

Nguyen, H. H., Uraikul, V., Chan, C. W., & Tontiwachwuthikul, P. (2008). A 

comparison of automation techniques for optimization of compressor 

scheduling. Advances in Engineering Software, 39(3), 178-188. 

 

Ohio Business Development Coalition.(2011). Marcellus and Utica Shale Gas 

Supply chain. http://www.capitolintegrity.com/documents/ 

ShaleGas_whitepaper_r10MH.pdf.  

 

Okwananke, A., Adeboye, B. Y., & Sulaimon, L. A. (2011). Evaluation and 

Performance of Natural Gas Storage in Depleted Gas Reservoirs. Petroleum & 

Coal, 53(4), 324-332. 

 

O'Neill, R. P., Williard, M., Wilkins, B., & Pike, R. (1979). A mathematical 

programming model for allocation of natural gas. Operations Research, 27(5), 

857-873. 

 

Osiadacz, A. (1980). Nonlinear programming applied to the optimum control of a 

gas compressor station. International Journal for Numerical Methods in 

Engineering, 15(9), 1287-1301. 

 

Pardalos, P. M., Rebennack, S., & Scheidt, M. (2009). Optimization in the energy 

industry (p. 533). Berlin: Springer. 

 

Peretti, A., & Toth, P. (1982). Optimization of a pipe-line for the natural gas 

transportation. European journal of operational research, 11(3), 247-254. 

 

Pepper, W., Ring, B. J., Read, E. G., & Starkey, S. R. (2012). Implementation of a 

scheduling and pricing model for natural gas. In Handbook of networks in 

power systems II (pp. 3-35). Springer Berlin Heidelberg. 

 

Peretti, A., & Toth, P. (1982). Optimization of a pipe-line for the natural gas 

transportation. European journal of operational research, 11(3), 247-254. 

 

http://www.capitolintegrity.com/documents/


109 

 

Pindyck, R. S. (1999). The long-run evolution of energy prices. The Energy Journal, 

1-27.  

Pirson, S. J. (1963). Handbook of well log analysis for oil and gas formation 

evaluation. 

 

Petrovic, D., Roy, R., & Petrovic, R. (1998). Modelling and simulation of a supply 

chain in an uncertain environment. European journal of operational research, 

109(2), 299-309. 

 

Pilipović, D.(2007). Energy Risk:Valueing and managing Energy Derivatives. 

McGraw-Hill, New York.  

 

Pritsker,A.A.B, and O’Reilley,J.J.(1999).Simulation with Visual SLAM and 

Awesim. New York: John Wiley & Sons.  

 

Quinn, D. F., & MacDonald, J. A. (1992). Natural gas storage. Carbon, 30(7), 1097-

1103. 

 

Ragle, S. J., Hayes, R. A., King, C. S., & Johnson, L. M. (2001). U.S. Patent No. 

6,195,018. Washington, DC: U.S. Patent and Trademark Office. 

 

Rardin, R. L., & Uzsoy, R. (2001). Experimental evaluation of heuristic optimization 

algorithms: A tutorial. Journal of Heuristics, 7(3), 261-304. 

 

Reinicke, K. M., Hueni, G., Liermann, N., Oppelt, J., Reichetseder, P., & 

Unverhaun, W. (2013). Oil and Gas, 7. Production. Ullmann's Encyclopedia of 

Industrial Chemistry. 

 

Reiten, R.(2003).The Path to Power – Growing U.S. Natural Gas Demand  to 30+  

Quadrillion Btus in the Year 2020, Tokyo, Japan, June 1-5. 

 

Revkin, A. (2011).An M.I.T. Plan for Natural Gas With Planet in Mind.  

http://dotearth.blogs.nytimes.com/2011/06/09/an-m-i-t-plan-for-natural-gas-

with-planet-in-mind/.  

 

Rıos-Mercado, R. Z., & Borraz-Sánchez, C. (2014). Optimization Problems in 

Natural Gas Transportation Systems: A State-of-the-Art Review. 

 

Roberts, N., Andersen, D. F., Deal, R. M., Garet, M. S., & Shaffer, W. A. (1983). 

Introduction to computer simulation: the system dynamics approach. Addison-

Wesley Publishing Company. 

 

Rogel‐Salazar, J., & Sapsford, N. (2014). Seasonal Effects in Natural Gas Prices and 

the Impact of the Economic Recession. Wilmott, 2014(74), 74-81. 

 

http://dotearth.blogs.nytimes.com/2011/06/09/an-m-i-t-plan-for-natural-gas-with-planet-in-mind/
http://dotearth.blogs.nytimes.com/2011/06/09/an-m-i-t-plan-for-natural-gas-with-planet-in-mind/


110 

 

Sarkar, S., Toksoz, M. N., & Burns, D. R. (2002). Fluid flow simulation in fractured 

reservoirs. Massachusetts Institute of Technology. Earth Resources Laboratory. 

 

Santos, J. R. (2006). Inoperability input‐output modeling of disruptions to 

interdependent economic systems. Systems Engineering, 9(1), 20-34. 

 

Savidge, J. L. (2003). Compressibility of natural gas. 78th Int. School for 

Hydrocarbon Measurement (Class 1040). CEESI. 

 

Secomandi, N. (2010). Optimal commodity trading with a capacitated storage asset. 

Management Science, 56(3), 449-467. 

 

Secomandi, N., Lai, G., Margot, F., Scheller-Wolf, A., & Seppi, D. (2010). The 

effect of model error on the valuation and hedging of natural gas storage. 

Tepper Working Paper 2010-E71, Carnegie Mellon University, Pittsburgh, PA, 

USA. 

 

Selot, A. (2008). Short-term supply chain management in upstream natural gas 

systems (Doctoral dissertation, Massachusetts Institute of Technology). 

 

Scelzo, M. J. (2001). A Clamp-On Ultrasonic Flowmeter for Gases. Flow Control, 

7(9), 34-37. 

 

Schlüter, S., & Davison, M. (2010). Pricing an European gas storage facility using a 

continuous-time spot price model with GARCH diffusion (No. 02/2010). 

IWQW discussion paper series. 

 

Schroeder, D. W. (2001). A tutorial on pipe flow equations. In PSIG Conference 

Proceedings. 

 

Shearer, C., Bistline, J., Inman, M., & Davis, S. J. (2014). The effect of natural gas 

supply on US renewable energy and CO2 emissions. Environmental Research 

Letters, 9(9), 094008. 

 

Skogdalen, J. E., & Vinnem, J. E. (2012). Quantitative risk analysis of oil and gas 

drilling, using Deepwater Horizon as case study. Reliability Engineering & 

System Safety, 100, 58-66. 

 

Soroush, M., & Alizadeh, N. (2008). Underground gas storage in a partially depleted 

gas reservoir. Journal of Canadian Petroleum Technology, 47(2), 17. 

 

Spreng, D., Flüeler, T., Goldblatt, D. L., & Minsch, J. (2012). Tackling long-term 

global energy problems: the contribution of social science (Vol. 52). Springer 

Science & Business Media. 

 



111 

 

Standard, R. (2010). United States of America before the federal energy regulatory 

commission.  

 

Street, A., Barroso, L. A., Chabar, R., Mendes, A. T., & Pereira, M. V. (2008). 

Pricing flexible natural gas supply contracts under uncertainty in hydrothermal 

markets. Power Systems, IEEE Transactions on, 23(3), 1009-1017. 

 

Tek, M. R. (Ed.). (1989). Underground storage of natural gas: theory and practice 

(Vol. 171). Springer Science & Business Media. 

 

Thompson, M., Davison, M., & Rasmussen, H. (2009). Natural gas storage valuation 

and optimization: A real options application. Naval Research Logistics (NRL), 

56(3), 226-238. 

 

Thomas, S., & Dawe, R. A. (2003). Review of ways to transport natural gas energy 

from countries which do not need the gas for domestic use. Energy, 28(14), 

1461-1477. 

 

Tomasgard, A., Rømo, F., Fodstad, M., & Midthun, K. (2007). Optimization models 

for the natural gas value chain. In Geometric modelling, numerical simulation, 

and optimization (pp. 521-558). Springer Berlin Heidelberg. 

 

Trembath, A., Luke, M., Shellenberger, M., & Nordhaus, T. (2013). Coal Killer. 

 

Vangheluwe, H. (2004). Modelling and Simulation Concepts. MacGill University, 

Canada. 

 

Walters, D. C., & Sheble, G. B. (1993). Genetic algorithm solution of economic 

dispatch with valve point loading. Power Systems, IEEE Transactions on, 8(3), 

1325-1332. 

 

Wang, X., & Economides, M. J. (2012). Purposefully built underground natural gas 

storage. Journal of Natural Gas Science and Engineering, 9, 130-137. 

 

Wattenbarger, R. A., Startzman, R. A., & Gajdica, R. J. (1988). Estimating gas-in-

place in aquifer-driven reservoirs. Computers & Operations Research, 15(3), 

199-205. 

 

Weaver, C. S. (1989). Natural gas vehicles-A review of the state of the art (No. 

892133). SAE Technical Paper. 

 

Welch, T. H., Smith, J. G., Rix, J. P., & Reader, R. D. (1971). Meeting seasonal peak 

demands for natural gas. Operational Research Quarterly, 93-106. 

 



112 

 

Weston, T., & Ronn, E. (2002). Applying stochastic dynamic programming to the 

valuation of gas storage and generation assets. Real Options and Energy 

Management Using Options Methodology to Enhance Capital Budgeting 

Decisions, 183-216. 

 

Wong-Parodi, G., Dale, L., & Lekov, A. (2006). Comparing price forecast accuracy 

of natural gas models and futures markets. Energy policy, 34(18), 4115-4122. 

 

World Distribution of Natural gas, BC http://www.britannica.com/EBchecked/topic/ 

406163/natural-gas/50608/World- distribution-of-natural-gas) 

 

Wu, Y., Lai, K. K., & Liu, Y. (2007). Deterministic global optimization approach to 

steady-state distribution gas pipeline networks. Optimization and Engineering, 

8(3), 259-275. 

 

Wu, X., Li, C., Jia, W., & He, Y. (2014). Optimal operation of trunk natural gas 

pipelines via an inertia-adaptive particle swarm optimization algorithm. 

Journal of Natural Gas Science and Engineering, 21, 10-18. 

 

Zavala, V. M. (2014). Stochastic optimal control model for natural gas networks. 

Computers & Chemical Engineering, 64, 103-113. 

 

Zhou, J. (2010). Real options valuation in energy markets (Doctoral dissertation, 

Georgia Institute of Technology). 

 

Zwitserloot, R., & Radloff, A. (2009). Strategic use of gas storage facilities. In 

Handbook Utility Management (pp. 417-432). Springer Berlin Heidelberg. 

 

 

http://www.britannica.com/EBchecked/topic/

