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ABSTRACT 

Geographic Spillovers: Learning Spillovers in Wartime Shipbuilding & Pricing 

Spillovers in Natural Gas Markets 

by 

David Blazek 

The role of geography in two distinct economic settings is considered. In the first 

case, the impact of geographic distance is assessed as it relates to the benefit of 

cumulative productive experience (the ‘learning curve’) in the manufacturing of World 

War 2 Liberty ships. Unit level production from the period is exploited to consider 

whether worker experience is transferred and persisted across different geographical 

regions. Furthermore, the relative impact of both proximal and distant simultaneous 

production is considered. These findings are then considered in a technical efficiency 

frontier framework to determine both the cause of inefficiencies in shipyards as well as to 

answer interesting historical questions about the nature of relative proficiency in 

production of the major regions of the United States. The conclusions are that there is an 

inverse relationship between the strength of spillovers and distance. Furthermore, 

temporary suspensions in output of an assembly line drive up labor requirements on 

subsequent units. Finally, increases in labor turnover decrease subsequent labor 

inefficiency. 

In the second case, time series analysis is employed to consider pricing spillovers 

in the North American natural gas markets. Four distinct types of gas markets are 

considered: intra-regional, inter-regional, forward, and pairwise spot to forward. Each 



market is considered in a cointegrated framework to reveal the degree of market 

integration in gas markets. The implications of the long-term relationships estimated are 

explained. Furthermore, questions of the proper direction of causality and of market 

exclusion and exogeneity are tested and answered. The results support the hypothesis of a 

firmly integrated national market for natural gas. This integration is very strong both 

regionally and nationally in spot markets. In forward markets, integration is still present 

and strong, but is slightly weaker than spot markets. Lastly, there are strong common 

trends across the dimension of time in each of the markets considered. 
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Chapter 1 

Knowledge Spillovers in World War 2 Shipbuilding 

First proposed by Wright (1936), the hypothesis of organizational learning by 

doing asserts that unit production costs decrease with cumulative output. Empirical 

evidence of the existence of learning by doing is widespread and covers a multitude of 

industries: military and civilian aircraft production [Alchian (1963), Benkard (2000), 

Budrab, Schemer and Streb (2005)], semiconductors [Irwin & Klenow (1994)], chemical 

products [Lieberman (1984)], wartime shipbuilding [Rapping (1962), Thompson (1994), 

Thompson (2007), Argote, Beckman and Epple (1990), Argote (1990)], agriculture [Luh 

and Stefanou (1993)] and many others. Referred to frequently as “the learning curve,” 

organizational learning now plays an integral role in the planning and forecasting of costs 

and outputs in industrial ventures. 

In its simplest form, the learning hypothesis supposes that unit labor requirements 

decline at a constant rate according to: 

Lj - AEj9 

where L is the labor requirement for unit i, A is a constant, 0 is the learning coefficient, 

and E is cumulative productive experience prior to the assembly of unit i. While 

empirical evidence of organizational learning exists for a host of unrelated industries, the 

actual nature of the learning that occurs varies greatly based on the characteristics of the 

respective industry. In labor intensive industries, organizational learning is typically 

thought to be the result of increased worker familiarity with the mechanics of assembly 

and the specifics of the individual assigned task. By comparison, learning in capital 

intensive enterprises is typically thought to be the result of refinements in the actual 
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production process, such as optimizations in the placement of machinery, the operation of 

an assembly line, and the streamlining of shipping and receiving operations. In both 

cases, it is presumed that cumulative productive experience serves as a viable proxy for 

the true measure of organizational experience. 

Recent work in the field disagrees with the hypothesis of a constant rate of 

productive efficiency improvement due to cumulative experience. Hirsch (1952) was 

among the first to realize that unit costs typically rose shortly following the end of labor 

strikes, a characteristic which cannot be explained by a model of learning based only 

upon past cumulative output. Benkard (2000), in his study of the production of 

commercial widebody airliners, found that labor requirements decreased according to a 

typical learning curve over the first 100 units of production, but suddenly increased by 

nearly 50% when the rate of output dropped due to a lack of sustainable orders, a 

problem that military contractors do not have to contend with. Deviations from the 

typical learning curve have given rise to the name of “organizational forgetting,” and are 

typically represented as a depreciation rate associated with the level of cumulative 

experience. Argote, Beckman, and Epple (1990) and Argote and Epple (1990) find 

evidence of organizational forgetting in the case of US wartime merchant ship 

manufacturing. 

This paper investigates the role of spillovers in organizational leaming-by-doing 

in the seminal case of American merchant shipbuilding during World War II. We 

consider two models incorporating rates of organizational learning which depend on 

distance and common administrative association. We also consider learning effects in the 

presence of temporary suspensions of production and in overall rate of production. 
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Finally, we consider a stochastic frontier production framework in which to analyze the 

factors contributing to firm inefficiency in the case of organizational learning. 

Liberty Ship Manufacturing in World War II Shipyards 

In the mid-193 Os, the United States Maritime Commission was created by an act 

of government for the purpose of replacing many of the nation’s aging commercial ships, 

many of which were built during World War I. The Commission was originally chartered 

to build a modest amount of 500 15-knot cargo vessels over a ten year period. These 

vessels, known as “C-types,” were turbine powered and intended for construction in the 

nation’s established shipyards, primarily in the northeast. 

In the months preceding United States involvement in the Second World War, 

President Franklin D. Roosevelt authorized an expansion in the annual quota of cargo 

carrying merchant ships produced by the USMC. Due to the demands placed on turbine 

manufacturers by the increasing needs of the United States Navy, the Commission sought 

a new design based around a traditional diesel burning engine. The USMC chose an all- 

welded, steel-hulled design based on an existing ship design produced in American yards 

for the British government. The standardized ship could carry 10,000 tons of cargo at a 

cruising speed of 11 knots. Over the next four years, 16 U.S. shipyards produced 2,699 of 

these so-called “Liberty” ships, the largest production run of a single vessel type in 

modem history. 

Each shipyard had a number of shipways on which the keel of each ship was laid. 

Major components of each ship were completed in assembly-line fashion either off of the 

shipway or outside of the shipyard entirely. When completed, each major hull component 

was transported to the shipway and welded into place. Once the engines and hull 
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assemblies were installed, the ship was launched off of the shipway and moved to a 

completion facility in each shipyard, where refinements to the superstructure and 

additional finishing touches, such as lifeboats, lifting cranes, and cabin furnishings were 

installed. A new keel for the next ship was laid on the freshly vacant shipway 

immediately. 

The major defining characteristic of Liberty ship manufacturing was the speed 

with which the ships were produced in the latter periods of production. While ships 

produced early in the production run typically took six months to complete, by 1943 U.S. 

shipyards were producing the vessels from start to finish in one month. As part of a 

publicity campaign, the Robert E. Peary was launched a mere 4 days after the laying of 

the keel. Labor requirements measured in man hours for each vessel fell by over 50% 

from 1941 to 1945. 

One might therefore presume that the reduction in labor requirements was 

attributable to an expansion of the capital stock in each shipyard. Though it is impossible 

to know the precise amount of capital existing at any particular time, a reasonable 

measurement for the expansion of capital in some yards can be found in the wartime 

records of the US Maritime Commission, the agency responsible for the authorization of 

funds to individual yards and the allocation of scarce wartime materials in accordance of 

the goals of the Wartime Production Board. Detailed data exists for six Liberty yards and 

was compiled by Thompson for his 2001 study. 

The combination of existing wage and labor demand data with the new capital 

data readily allows for estimates of the growth in total factor productivity for each of the 

six yards. These estimates are based on the computation of both input and output indices 
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Todd Shipbuilding - Houston Yard 

Figure 1 

for each period of interest. A Tomqvist quantity index for both is chosen of the form: 

lnôl=i[^][ln^-ln^] 
/=l *■ 

where i is the index of the input (output), s is the index of the base period, t is the index 

of the period of interest, q is the amount of input (output), and co is the cost share. Total 

factory productivity is then represented by: 

lnrcp„= 
Input 

Total factor productivity estimates for all yards exhibit an increasing trend when 

normalized to the beginning of full production in early 1942. Estimates of TFP for the 

wartime period are given in Figure 1 for the Houston Yard of the Todd Shipbuilding 

group. 
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The study of this exceptional productivity growth has been of particular interest to 

economists due not only to the possible policy implications of such productivity growth, 

but also because the nature of the Liberty program readily allows for econometric 

analysis. The 16 shipyards employed in the production of the vessel varied greatly in size 

and employment of both capital and labor, allowing economic variables to be 

disentangled from economics of scale. Many of the shipyards were created expressly for 

the purpose of Liberty ship manufacturing in regions of the country which had no prior 

experience in the building of ocean-faring ships, such as the Gulf. Additionally, the 

design of the ship was standardized by the USMC before production began, meaning that 

difficulties arising from a heterogeneous product mix are largely avoided. The four year 

span of the production run permits the analysis of time trends within the data. Lastly, the 

vast majority of workers involved in the production of Liberties had no prior experience 

in the shipbuilding industry. As a result, the case of Liberty ship manufacturing has 

become a premier testing ground for theories of productivity growth. 

Knowledge Spillovers in World War II Shipbuilding 

If firms benefit from learning effects as they manufacture a particular product, 

then the extent to which this experience spills over to other firms and to other products is 

a particularly important issue from a policy standpoint. If the development of particular 

high-tech industries, such as semiconductor manufacturing, has a positive impact on all 

related forms of manufacturing, it may be of considerable benefit for a nation to adopt 

favorable subsidies and tax reductions to foster the growth of initial adopters of the 

technology. 
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The case of US Maritime Commission shipbuilding lends itself well to the 

examination of a host of issues associated with learning spillovers. Since ship designs 

were standardized by the Maritime Commission itself, issues dealing with the 

heterogeneity of the product mix are largely alleviated. Shipyards sprang up along every 

coastal area in the United States, including the Great Lakes, allowing the consideration of 

spillovers based on geography for a specific ship class. Many of the shipyards which 

originally produced Liberties in great quantities were later tasked with building similar 

but different designs of ships, permitting an examination of the spillovers within a yard 

across product types. As mentioned previously, accurate, detailed records of the 

manufacturing process were kept by War Production Board and US Employment Service 

auditors in each yard. 

Existing Spillover Literature 

Existing knowledge spillover literature primarily focuses on knowledge spillovers 

based on cumulative output of the product in all factories. This is the approach briefly 

tested by Argote (1990), where she finds no evidence of knowledge spillovers between 

Liberty shipyards. Thornton and Thompson (2001) consider the possibility of knowledge 

spillovers in a far more detailed context and estimate both parametric and semi- 

parametric specifications. They conclude that while cross-yard spillovers were not as 

large in magnitude as within-yard effects from learning, they are nevertheless a 

significant source of productivity growth. 

Less consideration has been given to learning spillovers across generations of 

product design, possibly because of the inherent difficulties introduced by considering 

multiple types of outputs in a production function. Irwin and Klenow (1994) consider a 
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simplistic model of knowledge spillovers between successive generations of computer 

memory chips where a fixed percentage of cumulative output experience persists from an 

earlier chip generation according to E,=Q, + i//(P,) where Pj is the firm’s cumulative 

experience on the previous generation of DRAM chips. They conclude that these 

intergenerational spillovers are present and significant in two distinct lines of chips 

produced in the 1970s and 1980s, though the experience gains due to experience are 

modest. Thornton and Thompson (2001) also consider such a persistence of knowledge in 

wartime shipbuilding across several different types of commercial cargo vessels. They 

find that while productive experience does persist across product lines, its impact is 

considerably less than both within-yard and cross-yard effects of learning for the same 

products. 

Assessing the Role of Geography in Knowledge Spillovers 

Previous studies have focused on the cumulative production of a good at the 

factory, country, or world level as the basis by which to assess knowledge spillovers. 

While there is undoubtedly some transfer of knowledge between participants in an 

industry, it is unclear precisely how this learning might be transmitted. The measurement 

of cumulative worldwide output seems to provide little explanation for the ways in which 

learning might be transmitted and seems odd when considered in the context of 

geography. For example, suppose eleven identical factories begin producing identical 

widgets at precisely the same time. Ten of these factories are located in close proximity 

to each other and the eleventh is located on the complete opposite side of the globe. 

While some spillover of knowledge might be expected in the first ten factories due to the 

transfer of employees between firms and the adaptation of observable manufacturing 
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processes, it seems odd that knowledge would transfer to the eleventh factory in any 

appreciable manner. On the other hand, it is plausible that in a wartime context, this unit 

of output from the eleventh factory may actually improve efficiency through intense 

competition from warring powers. It is possible that this production may represent 

technological innovation which lowers the development costs for other powers, such as 

the case of the Manhattan Project. In this case, Soviet espionage dramatically reduced the 

development costs for a Russian atomic device. 

Supposing that knowledge is transferred across firms, the mechanism by which 

such knowledge is transmitted remains unclear. Knowledge at the individual level might 

be brought by employing workers who had previous experience in the relevant 

production at a similar factory. Knowledge at the managerial level might be transferred 

across yards with the same corporate affiliation. Or, as was the case in Liberty ship 

manufacturing, knowledge may spillover because a central organization rapidly adopts 

and disseminates the innovations unveiled in individual factories. In particular, Admiral 

Howard Vickery, a commissioner of the USMC, spent a considerable amount of his time 

touring the nation’s emergency shipyards and surveying as a perpetual conduit of 

information by relaying the successful innovations of other builders (Lane 1951). 

Previous work in the estimation of cross-yard knowledge spillovers in World War 

II shipbuilding has considered the impact of the aggregate output of the shipbuilding 

industry upon each shipyard without allowing for geographical distinctions between 

yards. The implication of these types of estimates is that the learning effect from a ship 

produced in California is the same for a shipyard in Virginia as a ship produced in 

Baltimore. 
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This paper addresses these shortcomings in the existing leaming-by-doing 

literature. The paper centers its focus on the role which geographic distance and common 

administrative control play in productivity growth in an industry with a standardized 

output. Using detailed ship-level data from US Maritime Commission manifests and 

compiled by Thompson, we estimate a unit labor requirement function where the 

cumulative production of ships in distant geographic and USMC administrative regions 

are allowed to have a varying impact on the rate of production in individual yards. We 

furthermore innovate on the existing literature by considering the impact of temporary 

cessations of Liberty production on the change in the rate of productivity growth. 

Geographical and Corporate Spillovers in World War II Shipbuilding: The Model 

Since shipyards which are in close geographic proximity to each other are more 

likely to hire and fire both unskilled and managerial employees from the same general 

pool of labor, the magnitude of experience spillovers between yards should be inversely 

correlated with geographic distance. We therefore consider a model with cross-yard 

spillovers based upon two specifications of distance. The findings from these results 

provide evidence for the mechanisms by which knowledge might be more effectively 

transmitted between industrial entities. 

The first geographic partition considered is based around the administrative zone 

assigned to the yard by the US Maritime Commission. Wartime shipbuilding occurred in 

four major regions: Pacific Coast, Gulf Coast, Atlantic Coast, and Great Lakes. While a 

substantial amount of construction occurred in the Great Lakes region, these yards were 

unable to produce Liberty ships as the existing canal locks were too small to permit 
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transit to the ocean. Accordingly, only the administrative zones adjacent to the ocean are 

considered. 

Preceding studies of organizational leaming-by-doing estimate the effects of 

learning invariably either by estimation of a production function or by estimation of a 

unit-labor requirement function. As the available ship-level observations drastically 

outnumber the product of the number of wartime months and the number of shipyards, 

we adopt the latter approach. The approach employed is similar to the models utilized by 

Benkard (2000) and Thornton and Thompson (2001) and avoids the potential problem of 

computing the values of the dependent variable as the data keepers of the War Production 

Board unfortunately did not record aggregate monthly output by yard. Other authors have 

dealt with this issue by multiplying the average monthly production of each shipway by 

the average number of yearly shipways in operation; we instead utilize the number of 

hours spent building each ship as the dependent variable. 

Cumulative output is aggregated by administrative zone for each yard. Each ship 

observation therefore has three measures of experience associated with it: the cumulative 

preceding output in the shipyard in which the ship was built, the cumulative preceding 

output of all other shipyards in the region after subtracting out the first term, and the 

cumulative preceding output of all other shipyards in all other regions. 

The first estimated model assumes that yard-specific effects are embodied in the 

fixed effect of each yard: 

( 1 ) In/,,, = a, + e„ In £" + ff, In +0A\n E^+ u»s 

(2) 
Wi / 
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where t is the first day of the month on which construction of ship number h occurs in 

yard i in region j. The term qitj corresponds to the output of yard i in region j in month t. 

Equation 2 therefore simply represents the cumulative output of shipyard i in 

administrative region j in all months prior to the laying of the keel of ship number h. 

Equation 3 represents the cumulative output of all shipyards except for shipyard i in 

region j prior the beginning of ship number h, and equation 4 represents the total 

cumulative output in all other shipyards in all other administrative regions prior to the 

laying of the keel of ship h. With such a specification, 6W measures the impact of cross¬ 

yard, within-region experience spillovers and 0A measures the impact of cross-yard, 

cross-region experience spillovers. If the magnitude of the experience spillover is 

inversely related to physical distance or if experience spillovers occurred in part due to 

the common administration of yards in the same region, then 6tv should be greater in 

magnitude than 0A. 

As mentioned previously, the War Production Board failed to keep detailed 

statistics of the monthly output of each yard. The computation of qitj is therefore based on 

the observable dates on which construction of each ship commenced and was 

subsequently completed. Each ship is assumed to be completed in a linear fashion; an 

equal percentage of progress on the ship is assumed to be completed on each day between 

the laying of the keel until the ship is ready for delivery. For example, if a ship’s keel was 

laid on March 1 and the ship was delivered on June 30, the amount of output completed 
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in March would be 31 *(1/# days between June 30 and March 1). The monthly output is 

then the sum of all amounts of work completed on all ships in the shipyard in the 

designated month. 

This method of calculation of qitj will invariably result in a lack of precision in the 

measurements of cumulative output. However, an advantage of the unit labor requirement 

function is that this error becomes smaller with time. When a ship is delivered, it is 

absolutely certain that this ship has been completed and that the contribution of this ship 

to subsequent computations of cumulative output should definitively be one. Thus, as 

cumulative output rises, the impact of ships under construction in month t upon the 

cumulative output measurement diminishes and the equations dictating the evolution of 

productive experience trend towards their true values. This effect is further heightened 

when the period of time required to complete an individual unit diminishes, as was the 

case with Liberty manufacturing. For example, there can be no error in the monthly 

output measurement for a ship that was begun on March 3 and delivered on March 25. 

The same is not true of the estimation of a monthly production function. In this 

case, the dependent variable is subject to measurement error in all time periods and the 

effect does not shrink as the number of time periods increases. An alternative to the 

assumption of a linear rate of completion of a ship is to adopt the approach of Argote 

(1990) and use the aforementioned method of multiplying monthly productivity per 

shipway by the average number of shipways in operation per year in each shipyard. 

However, this approach fails to adequately account for any expansion in the number of 

shipways that might occur during the year because it will tend to overestimate output in 

the early months of the year and underestimate monthly output in the later months. 
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In any event, the most inaccurate measurements of cumulative output are likely to 

occur during the early periods of production. As 0 is the percentage decrease in the labor 

requirement for a corresponding percentage increase in past output, extremely low levels 

of output, such as those seen in the very first stages of production, are likely to seriously 

impact the resulting estimates. Partially to avoid this problem, the first round of 

production of each shipyard is excluded from the sample. The full reasoning for this 

decision is described in the Methodology section. 

The amount of installed capital in each yard is excluded in equation 1 as true 

information pertaining to the capital stock of each shipyard is largely unavailable. 

Thompson (1994) considers the use of a third-order polynomial fitted to expense 

authorizations recorded by the USMC as a proxy for the capital stock; however, this data 

is only available for 6 of the 13 shipyards in the present study. We instead assume the 

returns to capital are embedded within the yard-specific fixed effect. Hausman 

specification tests of the significance of the fixed effects are provided. 

Equation 1 is a very simplistic approach to the estimation of a unit labor 

requirement function. The subsequent models in equations 5 through 9 include additional 

explanatory variables which help to explain the dynamics of productivity growth in 

wartime shipbuilding. In the subsequent equations, the appropriate measures of 

cumulative experience remain as defined in equations 2, 3, and 4. 

Equation 5 includes the average monthly wage in each shipyard. In most 

production settings, the monthly wage would be an endogenous variable. However, 

wages in shipyards were largely fixed by government agencies in order to prevent the 

practice of “scamping”, excessive wage competition between neighboring yards in order 
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to horde labor. This practice was widespread in the merchant ship manufacturing effort 

during World War I due to cost-plus-percentage-of-costs contracts. Liberty ships were all 

manufactured under a so-called “manhour contract” where costs were reimbursed but 

profits were based around economy in manhours. The most wasteful shipyards thus 

earned less on each ship and had the incentive to reduce employment. Wages for workers 

were based upon each worker’s assigned skill grade. 

Accordingly, wages in the emergency yards of the USMC can be considered 

exogenous variables. An exogenously-decreed across-the-board wage increase should 

encourage managers to use their labor more efficiently, resulting in a decrease in the unit 

labor requirement. A rising average wage might also be evidence of increased levels of 

worker proficiency, as workers are paid their marginal products. Therefore, an increase in 

the average wage might be viewed as the increase in human capital within a yard: 

(5) Inlhij =a, +0oE
(
h

>
lj +6WE^ + 0AEftJ + /J\nwhlj +uhij 

Equation 6 includes the most recent level of output from a shipyard as a proxy for 

the line speed. The inclusion of line speed as an explanatory is motivated by the 

organizational forgetting hypothesis: more recent production tends to be more relevant 

towards the current productivity than does the production of a factory several years prior. 

This approach is consistent with the approaches employed by Benkard (2000) as well as 

others who have found that temporary line shutdowns have a drastic impact on 

subsequent labor productivity. 

(6) ln//)y. = a, +6oE°0 +OwEltJ +0AE^ + fi\nqhij +uhiJ 

If n is statistically lower than zero, then higher levels of recent production have a 

significantly positive impact on labor productivity. We furthermore test whether this 
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effect is statistically different from the cumulative output effect, do, in order to lend 

credence to the hypothesis of organizational forgetting. 

Productivity gains due to spillovers across different industries and products are 

frequently proposed by policymakers as reasons for the subsidization of so-called 

‘strategic industries.’ If experience persists across product-lines in the present case of 

wartime shipbuilding, then construction of various types of merchant vessels should 

correlate strongly with increases in labor productivity in the construction of other vessels. 

The detailed unit-level data of the USMC records allows for a test of the existence of 

cross-product spillovers within the emergency Liberty shipyards. 

As the number and skill of the U-boat crews of Germany increased in the 

Atlantic, the rapid rate of Allied tanker losses threatened the ability of Britain to 

effectively defend herself. In order to expand the available tanker capacity of the Allied 

merchant marine, the USMC issued contracts for the Z-ET1-S-C2 “Emergency” tanker. 

Of the shipyards in the sample, four of the thirteen shipyards produced the new tanker 

variant at various times from 1943 onward and then returned to the production of the 

Liberty variant. Other shipyards produced Liberties that were modified to serve as boxed 

aircraft transports to move short range aircraft across the expanses of the Atlantic and 

Pacific Oceans. At other times, orders for emergency colliers were issued for the 

transportation of coal. 

Since Liberties were produced prior to and (in most cases) immediately after the 

completion of a contract of a non-Liberty ship, the emergency shipyards therefore present 

a remarkable opportunity to consider production when an entire production line is 

redirected towards the production of a similar but distinct output. This study therefore 
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considers the impact of the production of the non-Liberty variants upon the unit labor 

requirement of a Liberty ship: 

(7) InlMj =ai + 0oE
(

hy + 0wEyy + 0AEyy + pNUj +uhlJ 

where Nyy is 1 if yard i in region j produced at least one non-Liberty merchant vessel in 

the month of the laying of the keel of Liberty h. If p is less than zero, then the production 

of related merchant vessels can be presumed to reduce the unit labor requirement for 

subsequent Liberty vessels, a result which would lend support to the existence of cross- 

product spillovers. Conversely, if p is greater than zero, then the effects of non-Liberty 

production have a negative impact on labor productivity. Equation 8 estimates a similar 

model to the one considered in equation 7 with the sole difference that Nhy is 1 if the 

shipyard produced a non-Liberty merchant vessel in the month preceding the laying of 

the keel of Liberty h. 

Lastly, we consider the impact of labor separations upon the labor requirement for 

shipping. Argote et al (1990) proposed that one mechanism by which organizational 

knowledge might be “forgotten” is by the loss of skilled workers due to firing or worker 

resignation. However, Argote was unable to find a statistically significant relationship 

between an increase in the separation rate and the monthly output of shipyards. We 

instead propose to check for the impact of the separation rate upon the labor requirement 

for each ship: 

(9) Inlhjj = a, + 0oE°y + 0wEyy + 0AEyy + pNhiJ + ASRh:j + uhlJ 

If knowledge is acquired by workers at the individual level, then subsequent labor 

turnover should result in a decrease in productivity and an increase in the unit labor 

requirement for each ship. A statistically significant positive value of X would provide 
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further support for the organizational forgetting hypothesis and would represent a 

significant contribution to the literature by linking labor turnover with decreases in labor 

productivity. 

Data & Methodology 

The data used in this study are a combination of two different sources: statistical 

unit-level shipyard reports detailing the amount of labor expended on each ship and 

summary monthly statistics regarding relevant labor statistics within each shipyard. The 

latter, presented in George Fischer’s “Statistical Summary of Shipbuilding under the US 

Maritime Commission,” was first published in 1949 and is available in printed form. The 

former reside in the National Archives and were compiled and made available in 
* 

electronic form by Peter Thompson. A more elaborate explanation of the measurement of 

the variables is presented here, as is the methodology by which the results were obtained: 

qijt : The number of Liberty vessels produced in yard i in region j during month t. This 

measurement is constructed by dividing the total number of days spent building a 

certain ship in month t by the total number of days that ship t was under construction. 

Output is then summed across ships by month. For example, if 2 ships were under 

construction at Todd-Houston shipyard with keel-laying and delivery dates of (3/1/41, 

5/15/41) and (3/13/41,4/15/41), then the total output of Todd-Houston in April would 

be (# days in April) / (days between 3/1/41 and 5/15/41) + 15 / (days between 3/13/41 

and 4/15/41). For the cumulative experience variables, output is summed across 

shipyards and in all past months as explained above. Source of ship manifest and dates 

of production: handwritten tabulations by G. J. Fischer, presented by Thompson. 

lhiJ: The number of combined direct and indirect labor hours spent on the production of 

ship number h at yard i in region j. The time subscripts in the other variables refer to 

the appropriate month during which ship number h began construction. Source: 

handwritten tabulations by G. J. Fischer, presented by Thompson. 

Wjj,: The average hourly wage of workers in yard i in region j in month t. Source: 

Fischer (1949). 
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Nh,f Indicator variable. 1 if a non-Liberty ship was produced in the month prior to the 

date of the keel laying of ship number h in yard i in region j. Source: Computed based 

on data compiled by USMC and presented by Thompson. 

The available sample consists of the production records of 2662 merchant vessels 

produced in 13 different shipyards. As many of the shipyards were completely new 

facilities, it was a common practice of the USMC to lay the first keel of the first round of 

production at each shipyard while the surrounding facilities were still under construction. 

As a result, the first round of production from each shipway might be characterized by an 

excess use of labor that reflects the lack of fully installed capital. Incorporating these 

results into the data set would inflate the learning effect as the early increases in 

cumulative output are likely to be heavily correlated with increases in the capital stock. 

We therefore eliminate the first round of production for each shipway from the 

production. In some shipyards, additional shipways were authorized after the initial 

shipways in the yard had already produced ships. In the case of Bethlehem-Fairfield, for 

example, the second round of production on shipway #1 began on September 27, 1941, 

while the first round of production on shipway #16 did not begin until December 13, 

1941. In our sample, the September 27 ship is included as it is part of the second “round” 

of ships built at the facility; the December 13 ship is not. 

In addition to excluding the first round of production, many shipyards also 

produced non-Liberty merchant vessels. These vessels are excluded from the sample as 

the unit labor requirement for an emergency tanker is quite obviously likely to be 

different from the labor requirement for a Liberty ship. Many shipyards additionally 

produced variants of Liberty ships which were delivered incomplete to the Navy for 

service as hospital ships or as troop carriers. As a result, these ships are characterized by 
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Table 1: Ships Excluded from Sample 

Bethlehem Fairfield 

MCE 20 Delivered as training ship 

MCE 981, 983, 1779, 1782, 1814, 1830, 1835, 2406, 2595, 
2634, 2637, 2649, 2658, 2664,2666, 2668, 2674,2680, 2681, 
2682, 2683 Delivered for converstion to troop/hospital ship 

MCE 1846 Destroyed by fire - not completed 

MCE 2629 Includes labor hours repairing fire damage 

California Shipbuilding 

MCE 1882, 1883, 1884, 1885, 1886,1887, 1888, 1889, 1890, 
1891, 1892, 1893,1894, 1895, 1896,1897, 1898,1899, 1900, 
1901, 1902, 1903, 1904, 1905, 1906, 1907, 1908, 1909 Produced as Z-ET1-S-C2 Emergency Tankers 

Delta Shipbuilding Company 

MCE 1737, 1734, 1739, 1735, 1740, 1738, 1736, 1741, 1745, 
1742, 1744, 1743, 1917, 1746, 1916, 1918, 1922, 1919, 1921, 
1925, 1920, 1923, 1924, 1926, 1930,1929, 1927, 1928, 1931, 
1932, 1933, 1934 Produced as Z-ET1-S-C2 Emergency Tankers 

MCE 2816, 2836, 2842, 2824, 2847, 2844, 2846, 2849, 2850, 
2851, 2852, 2853, 2854, 2856, 2857, 2855, 2859,2860, 2861, 
2862, 2848, 2858 Produced as EC2-S-AW1 Emergency Colliers 

New England Shipbuilding Corporation 

MCE 3068, 3070, 3071, 3073, 3080, 3085, 3088, 3092 Delivered incomplete. 

MCE 3125, 3126, 3127, 3128, 3129, 3130, 3131, 3132 
Produced as Z-EC2-S-C5 Emergency Boxed Aircraft 
Transports 

Jones - Panama City 

MCE 2304 Not completed due to fire. 

MCE 1534, 1535, 1536, 1537, 1538, 1539, 1540, 1541 Produced as Z-EC2-S-C2 Emergency Tank Carriers 

MCE 2334-2349 
Produced as Z-EC2-S-C5 Emergency Boxed Aircraft 
Transports 

MCE 3137-3148 
Produced as Z-EC2-S-C5 Emergency Boxed Aircraft 
Transports 

Sources: USMC records provided by Thompson (2001) 

a low level of required labor. Accordingly, these vessels are also eliminated. A complete 

manifest of the vessels eliminated from the sample and the reasoning follows: 

After eliminating the first round of production from each way and the ships in Table 1, 

the final sample contains 2327 Liberty ships constructed in 13 shipyards. 

Results 

The models presented in equations 1 through 9 are estimated through ordinary 

least squares with fixed effects. The results are presented in Table 2. As expected, the 
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Table 2: Results of Fixed Effect Estimation: 

(1) (5) (6) (7) (8) (9) 
Log Own Yard Output -0.2433 -0.2395 -0.2078 -0.2073 -0.2077 -0.2057 

(0.0066) (0.0081) (0.0069) (0.0069) (0.0069) (0.0069) 

Log Within Region Output -0.103 -0.0876 -0.0986 -0.0943 -0.0919 -0.1006 
(0.0192) (0.0193) (0.0187) (0.0187) (0.0187) (0.0189) 

Log Other Regions Output 0.1396 0.135 0.15122 0.1413 0.1384 0.1451 
(0.0209) (0.0207) (0.0202) (0.0202) (0.0203) (0.0204) 

Log Hourly Wage - -0.2324 
(0.0439) 

-0.1231 
(0.0426) 

-0.116 
(0.0424) 

-0.1226 
(0.0424) 

-0.1276 
(0.0424) 

Log Line Speed - - -0.1058 -0.1006 -0.0981 -0.0953 
“ - (0.0089) (0.0088) (0.0089) (0.0089) 

Supply Disruption - - - 0.0523 - - 

- " - (0.0111) - - 

Supply Disruption (lagged) - - - - 0.05122 0.0522 
- - - (0.0114) (0.0114) 

Total Separation Rate - - - - - 0.0023 
- - - - (0.0008) 

rA2 0.749 0.7472 0.7578 0.7616 0.7619 0.7568 

Observations 2327 2327 2327 2327 2327 2327 
Sources of Data: USMC records provided by Thompson (2001) and Fischer (1949) 

learning effects from production within each shipyard are the strongest contributor to 

productivity growth, ranging from a low of -.2057 to a high of -.2433. With the log-linear 

specifications given, the interpretation of these coefficients is that each doubling of 

cumulative production corresponds to a 20% reduction in the unit labor requirement of 

subsequent vessels. In all six of the equations estimated, the own-shipyard cumulative 

output is significant at the 99% level. 

The effects from experience spillovers are significant at the 99% confidence level. 

The effects of cross-yard, within-region spillovers are extremely significant and negative, 

meaning that cumulative output within the production region lowers the subsequent labor 
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Table 3: Probability Values 

(D (5) (6) (7) (8) 0) 
Hausman Test 0.8719 0.1585 0.3635 0.0004 0.7062 0.1208 

F Test Within Region = Own Yard 0 0 0 0 0 0 
F Test Other Region = Own Yard 0 0 0 0 0 0 

requirement drastically. In all of the estimated equations, within-region knowledge 

spillovers are approximately one-half of the magnitude of within-shipyard knowledge 

effects. All of the specifications estimated support the hypothesis that proximal 

production is a significant contributor to productivity growth within shipyards. In all 

equations, F-tests conclusively reject the hypothesis that the coefficients corresponding to 

cumulative within region output are equivalent to the corresponding coefficient of 

cumulative other region output. 

However, the effects of the cross-regional spillovers are significantly positive 

rather than the presumed negative impact. The implication is therefore that cumulative 

output in other regions actually increases the requirement for labor. This result seems 

incorrect and implausible at first glance. However, high levels of cumulative output in 

other regions will be strongly correlated with high levels of monthly output in these 

regions. Therefore, this result may simply be a reflection of the supposed true bottleneck 

of shipbuilding in World War II: the limited availability of rolled steel plate with which 

to fabricate the major sections of ships. 

By far, the largest physical input by weight in Liberty ship construction was rolled 

steel plate. The heated arguments between the USMC and the War Production Board over 

the procurement of sufficient quantities of steel plate are covered in great detail in Lane 

(1951). In 1940, shipyards used half a million tons of steel plate. By 1943, at the height 

of shipbuilding operations, 7.5 million tons of steel plate were used by shipyards, a 

fifteen-fold increase. Outputs of plate by steel mills rose from 4 million tons to 13 million 
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tons during the same time 

period, a modest tripling of 

output that could not keep up 

with USMC demands. By 

June, 1941, yards began 

lamenting the shortage of 

steel plate inventories. Henry 

Kaiser complained to 

Admiral Vickery that “It is 

beyond the scope of human ability...to construct steel boats without steel.” (Lane 316) 

Modifications to the process flow of steel plate from mill to shipyard and the 

retooling of strip mill steel factories to roll ship plate led to substantial increases in the 

availability of steel plate by July, 1942. At this time, the surplus inventories of steel in 

each yard reached their greatest level. Towards the later period of 1942 and for most of 

1943, emergency yards became extremely proficient in the manufacturing of vessels and 

steel inventories became dangerously low. The demands of other industries, particularly 

the requirements of the US Navy, simply prohibited the dedication of the appropriate 

level of steel to the Maritime Commission. See Figure 2. The steel shortages in Liberty 

yards led to the cancellation of some existing contracts, such as the well-publicized 

cancellation of a planned shipyard in New Orleans by Andrew Higgins, and caused 

delays in the plans of other yards. The situation was only truly alleviated when some of 

the most productive yards temporarily slowed output as they were converted to Victory 

ship production in 1944. 

Inventory Levels in Liberty Shipyards 

Figure 2 
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Therefore, the significant positive value of the cross-region experience spillover 

term may simply reflect that high levels of current production in other regions limit the 

amount of available steel plate within the region which leads to lower levels of labor 

productivity. As steel plate was presumed to be the primary bottleneck of ship production 

in 1942 and 1943, the inclusion of steel inventory data would add value to any economic 

specification of the shipbuilding process. Unfortunately, shipyard-level records of steel 

plate inventories are extremely lacking, making a detailed study of the steel-plate 

shortage impossible. 

The average hourly wage rate is highly significant in all of the equations, 

implying that increases in the wage rate dramatically decrease the unit labor requirement. 

This effect appears to lessen with the inclusion of the current monthly output of each 

shipyard, but still represents a significant contributor to increases in productivity. The 

actual mechanism by which the wage influences labor productivity is unclear, however. 

In a typical production environment, an increase in the wage rate would encourage firms 

to become more capital-intensive, resulting in a lower requirement for labor. However, 

given the “manhour contract” under which Liberties were built, shipyards had only the 

incentive to reduce the number of manhours used. As they were being reimbursed by the 

government for their costs, rising labor costs would not necessarily encourage economy 

of labor. 

An increase in the average monthly wage at a shipyard would reflect an increase 

in the overall skill level of the workers in each yard. Promotions to higher classifications 

of pay grades required a demonstration of a requisite level of skill for each job 

classification. Increases in the average monthly wage at each yard might therefore be 
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tangible evidence of overall worker efficiency at levels of employment, from the welders 

to the section foreman all the way to yard management. The estimates of equations 5 

through 9 support this hypothesis. 

The results from equations 7 through 9 support the notion of organizational 

forgetting forwarded by Argote (1990) and Benkard (2003), although the actual 

estimation of the rate of such forgetting is the subject of a following section of this 

dissertation. Equations 7 and 8 find that the production of any non-Liberty merchant 

vessels in the current month and preceding month (respectively) significantly increases 

the labor requirement of subsequently produced Liberty vessels. The result in all cases is 

highly significant and implies that subsequent Liberty vessels require 6 to 7% more labor 

than yards in which non-Liberty production did not occur. This effect persists after 

accounting for the current period output, a proxy measurement of the current line speed 

as proposed by Benkard (2003). 

Equation 9 finds statistical significance in the rate of monthly labor turnover, a 

result suspected but unconfirmed by Argote (1990,1992). Although modest in 

magnitude, higher rates of labor turnover have a statistically significant impact on the 

labor requirement for subsequent production. The result provides support for the widely 

supposed thought that labor turnover is a key determinant in the rate of organizational 

forgetting as skilled workers familiar with their tasks must be replaced by newly acquired 

green and inexperienced workers. 

Pure Distance-based Knowledge Spillovers 

The models considered in equations 1 through 9 provide support for many of the 

long-established hypotheses of organizational learning and forgetting. Specifically, the 
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amount of past cumulative output is highly relevant to the current level of productivity, 

and higher rates of current output are similarly associated with lower labor requirements. 

Additionally, the preceding results find non-standard output, the wage level, and labor 

turnover play a significant role in determining labor requirements at the unit level. 

Furthermore, experience spillovers within a common administrative zone of production 

are greater in magnitude than those of different zones of production. 

We now consider experience spillovers that are now based on the more 

fundamental concept of raw geographic distance. If labor turnover is one of the key 

mechanisms by which knowledge spillovers occur, then the previous specification, while 

still indicating a stronger relationship within the region, may not be the appropriate 

measurement of geographic distance. As a worker is unlikely to quit a job in one yard to 

travel a great distance for nearly the same monthly wages, the most appropriate 

specification of knowledge spillovers might be based on distance between yards. 

Pure Distance-based Knowledge Spillovers: Model 

We consider the same production structures as proposed in equations 1 through 9, 

with the exception that the relevant cumulative experience measures are no longer based 

on zone of administration but are based on distance partitions. The cumulative experience 

partition for each yard is generated based on yards that are between 1 and 600 miles 

distant and yard that are 601 and more miles distant. Thus, each shipyard now has three 

measures of cumulative output experience associated with it: its own cumulative 

production, the cumulative production of all shipyards 1 to 600 miles distant, and the 

cumulative production of all shipyards 601 and more miles distant. Accordingly, 
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equations 2 through 4 are now simply altered to reflect the pure-distance partition rather 

than the administrative partition chosen in the preceding section. 

The distance measurements were tabulated based upon the as-the-crow-flies 

distances reported by Google Maps. The point-to-point locations were chosen based on 

the primary port facilities within each of the cities listed as the locations of each shipyard. 

Any inaccuracy in the distance mapping is likely to be limited to several miles and would 

not move a shipyard to a different partition classification. 

The results of ordinary least squares regression with independent shipyard fixed 

effects are presented in table 4. The results are quite similar to those presented in table 2, 

which is rather unsurprising given that most production in other zones of production will 

also be production that is more than six hundred miles distant. The results nevertheless 

indicate that cumulative output in close yards has a significant impact on the increase in 

labor productivity within each yard. 

With the distance specification computed for table 4, cumulative output in the 

“close” shipyards has a lesser effect than the corresponding cumulative output within a 

production zone presented in table 2. Similarly, the increasing labor requirement effect 

from output of distant shipyards is lessened with the pure distance specification versus 

the administrative zone specification. This might be viewed as evidence that the correct 

specification of knowledge spillovers is the first specification proposed based on 

administrative zone of production. Supposing that production at shipyards within the 

same zone of production but more distant than 600 miles distant improved productivity, 

the first specification would lump these beneficial effects together with the similarly 

beneficial effects of shipyards within 600 miles of each other. The second specification 
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Table 4: Results of Fixed Effect Estimation 
(D (5) (6) (7) (8) 0) 

Log Own Yard Output -0.2421 -0.2372 -0.204 -0.2048 -0.2054 -0.204 
(0.0063) (0.0063) (0.0067) (0.0066) (0.0066) (0.0066) 

Log < 600 Mile Cum. Output -0.0392 -0.0404 -0.0484 -0.0584 -0.0571 -0.0652 
(0.0103) (0.0102) (0.0010) (0.0100) (0.0100) (0.0102) 

Log > 600 Mile Cum. Output 0.0733 0.087 0.0989 0.1054 0.1033 0.1107 
(0.0142) (0.0144) (0.0140) (0.0134) (0.0134) (0.0140) 

Log Hourly Wage -0.2547 
(0.0429) 

-0.1406 
(0.0426) 

-0.1313 
(0.0423) 

-0.1391 
(0.0424) 

-0.1501 
(0.0423) 

Log Line Speed - - -0.1068 -.1001) -0.0974 -0.0938 
- (0.0089) (0.0088) (0.0089) (0.0089) 

Supply Disruption - - - 0.0699 - . 

“ - (0.0111) - 

Supply Disruption (lagged) - - - - 0.0695 0.0723 
- - - (0.0114) (0.0114) 

Total Separation Rate - - - - _ 0.0027 
- - - (0.0008) 

rA2 0.7114 0.7286 0.7587 0.7649 0.7637 0.7603 

Observations 2327 2327 2327 2327 2327 2327 
Sources of Data: USMC records provided by Thompson (2001) and Fischer (1949) 

would lump the positive within region but great distant effects with the negative outside 

region effects, tempering the magnitude of both of the reported effects. The remaining 

coefficients are extremely similar in their values to the values found in the preceding 

section. 

Concluding Remarks 

This paper considers the nature of knowledge spillovers in the seminal case of 

World War II shipbuilding. Previous studies have focused on the aggregate sum of 

production at all locations as the relevant measurement of industry-wide productive 

experience and have failed to make any provision for the role of distance in this 

spillovers. We propose partitioning output outside each yard based on two classifications 

of distance: the administrative zone of production and the as-the-crow-flies distance. 
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These experience measurements are then used to estimate a unit labor requirement 

function at the ship-level. 

We find that the strongest determinant of labor productivity growth is the amount 

of previous output produced within each shipyard. However, past output in “close” 

shipyards (e.g. either closer than 600 miles or within the same administrative region) also 

significantly decreases the labor requirement for each ship. Output in “distant” shipyards 

(further than 600 miles or outside of the administrative region) drives up the labor 

requirement, which we attribute to the shortage of rolled steel plate that plagued 

American shipyards from 1942 into early 1944. We conclude that any study in which 

knowledge spillovers are considered must make some allowance for spatial distinctions 

as the effects of cumulative output are likely to vary based on distance. 

We also find evidence of “organizational forgetting,” the proposition that more 

recent production has a larger impact on current production than production that occurred 

further in the past. This support is based on the significance of the current rate of 

production and the finding that any suspension of production of typical Liberties in order 

to produce other merchant vessels is likely to drive up the subsequent labor requirement 

for other Liberties. We furthermore find a highly significant impact between higher rates 

of labor turnover and higher requirements of labor, a supposition frequently proposed in 

the organizational forgetting literature but never verified. 
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Chapter 2 

Efficient Frontiers in the Presence of Learning Effects in World War 2 

Shipbuilding 

Introduction 

The nature of firm level efficiency was considered by Farrell (1957) in his 

seminal paper for the Journal of the Royal Statistical Society. Farrell’s analysis was based 

on the observation that firms are generally unable to produce at the theoretical maximum 

level of output implied by a simple production function. Instead, firms’ deviations off of 

the efficient frontier could be considered as inefficiency on the part of the firm. Farrell 

proposed that firm efficiency was a combination of two separate effects. Technical 

efficiency represents how well a firm is able to combine its inputs to produce output as a 

percentage of the maximum attainable output. Allocative efficiency measures the ability 

of the firm to use the cost minimizing level of inputs based on the prices of the inputs 

used in production. However, estimates of allocative and technical efficiency of firms 

require knowledge of the true production technology available. This problem has given 

rise to two fields of efficiency frontier analysis. In data envelopment analysis, the 

observable data are explicitly bounded using mathematical programming in a non- 

parametric approach. Seiford and Thrall (1990) present an overview of the state of the 

academic literature in this field. In the other major approach, stochastic frontier analysis, 

an econometric specification is employed with a stochastic but negative error term in the 

production function. 

Since the groundbreaking publications of Aigner, Lovell, and Schmidt (1977) and 

Meeusen and van den Broeck (1977), analysis of firm productivity and efficiency using 
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stochastic frontier models has become commonplace. The fundamental models assume 

that the production of a firm can be modeled according to: 

(l) r^xj + tT'-u,) 

where T, is output in time period i, x, is a vector of relevant parameters influencing the 

output of the firm, F, is a normally distributed error term, and £/,• is a non-negative 

random variable that captures the extent of the inefficiency in production. Common 

distributional assumptions of t/, are the half-normal distribution or a normal distribution 

truncated at zero. 

The motivation behind this specification is that inefficiencies in production can be 

embodied in two stochastic variables. Random events beyond the control of the firm 

which may either benefit or hinder output, such as weather, are captured in the normally 

distributed V,. Deviations off of the efficient frontier must be positive and are reflective 

of firm-specific (or time-specific) characteristics which limit output. Bauer (1990) 

provides a reasonable overview of the current issues in stochastic frontier estimation in 

the case of cost function estimation, which is the other major branch of technical 

efficiency research. 

Subsequent research has extended the basic model to allow for more analytical 

flexibility. Schmidt and Sickles (1984) reformulated equation 1 in a panel setting with 

firm-variant, time-invariant inefficiencies and demonstrated that distributional 

assumptions could be weakened with a sufficiently large number of firms. Cornwell, 

Schmidt, and Sickles (1990) further generalized this model by allowing inefficiency to 

vary over time as well as over different firms. 
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Battese and Coelli (1992,1995) considered the specific causes of technical 

inefficiency. Their model, described more fully in the subsequent section, considers the 

inefficiency term distributed around a mean which is itself determined by an additional 

equation of firm and time specific regressors. In this manner, a framework is constructed 

in which causal relationships of firm inefficiency can be explored. This is of particular 

interest in settings in which the inefficiency itself is of substantial importance itself rather 

than an unfortunate nuisance parameter. In the case of Liberty ship manufacturing, it is 

therefore of interest to examine the relationship between shipyard characteristics and 

overall levels of technical inefficiency. 

In this section, we re-examine the issues mentioned in the previous chapter 

concerning the often mentioned but seldom found causes of “organizational forgetting.” 

We consider the dynamics of World War II shipbuilding and the nature of organizational 

learning and forgetting when combined with the concepts of firm-level technical 

efficiency. We estimate the Battese and Coelli (1995) model using the data set previously 

described and consider the impact of organizational learning, the rates of hiring and 

separation, and the impact of product line transitions in an appropriate stochastic 

efficiency frontier context. 

Technical Efficiency and Learning-By-Doing 

The Battese and Coelli (1995) model specifies the technical inefficiency term as a 

stochastic variable whose distributional mean is a function of regressors. The generalized 

production model can be written as: 

(2) lny,=x„fl+<y„-U„) 
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where is the production of firm i in period t, x„ is a kxl vector of production inputs 

used by firm / in period t, and Vit ~ N(0, ay2). Uit is the technical inefficiency term, a non- 

negative random variable truncated at zero of the N(mu, Off) distribution. The mean of the 

distribution m„ is defined as mit=zitô where zlt is a pxl vector of variables that may affect 

the inefficiency of the firm. It is assumed that the inefficiency term is distributed 

independently of the random disturbance term. If <5 is not statistically different from zero, 

then the model simplifies to the original half-normal formulation proposed by Aigner, 

Lovell, and Schmidt (1977). 

The concepts of organizational learning and technical efficiency seem quite 

connected, despite the lack of attention given to the connection in the literature. If worker 

experience and refinements to the production process are truly the engines of labor 

productivity growth, then the proper framework in which to analyze organizational 

learning may be in a stochastic frontier model. The effects of organizational forgetting 

might be directly modeled as an increase in the technical inefficiency level caused by the 

variables proposed in the preceding sections. A stronger relationship between the impact 

of worker turnover and of production interruptions might be found when these variables 

directly impact the mean of the inefficiency distribution. A finding of statistical 

significance would provide evidence that labor turnover and production interruptions 

substantially drove up labor unit requirements and would imply that increases in these 

variables would degrade the overall impact of learning effects at the firm level. Such a 

finding could therefore be interpreted as causal evidence of the hypothesis of 

organizational forgetting. 
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In this section, we attempt to bridge the existing gap between stochastic efficiency 

frontiers and the existing leaming-by-doing literature. We estimate a number of models 

based on the Battese and Coelli specification. We begin by modeling the organizational 

forgetting hypothesis as technical inefficiency while using the same general production 

framework considered in the preceding sections. We again consider the seminal case of 

World War II shipbuilding using the rigorous unit-level data set provided by Thompson 

and described at significant length in the preceding sections. 

By considering organizational learning effects in an efficiency frontier context, 

some important economic implications can be considered. Evidence of significant 

inefficiency after using cumulative output as a proxy for experience would suggest there 

are additional characteristics beyond simply worker experience which drastically impact 

labor efficiency. In the event that the inefficiency is positively correlated with the culprits 

supposed in the literature, such findings would bolster the arguments for organizational 

forgetting effects. This could be viewed as validation of the organization forgetting 

hypothesis. Furthermore, the findings might suggest a menu of policy decisions which 

may help to reduce the severity of the slope of the learning curve for firms beginning to 

introduce a new output. 

Beyond the economic implications, the efficiency analysis answers a number of 

interesting historical questions. At the yard-level, the analysis will determine which yards 

were capable of most appropriately utilizing their resources. The estimates will allow 

conclusions to be drawn about the nature of shipyard inefficiency. Did smaller yards or 

yards with exceptionally high rates of labor suffer from chronic inefficiency? At the 

regional-level, the results will shed light upon many of the suppositions of Liberty ship 
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production. Did yards in regions without a shipbuilding tradition, notably the Gulf Coast 

and the Southeast, have inefficiency above and beyond that which could be predicted 

with the observable explanatory variables? If so, this may be evidence of the importance 

of unobservable characteristics in any robust examination of the issues surrounding 

organizational forgetting. 

Technical Efficiency and Learning-By-Doing: Model 

We begin by considering a stochastic efficiency frontier model for organizational 

forgetting. The preceding section concerning geographic spillovers in the merchant 

shipbuilding industry found that several economic variables significantly impacted the 

unit labor requirement function for Liberty ship construction. Increases in the wage rate 

and the line speed were found to significantly decrease the labor requirement, while 

increases in the labor separation rate and the construction of non-standard Liberty vessels 

were found to significantly increase the labor requirement. 

As in the previous section, we observe production at the unit level. With the 

Cobb-Douglas technology, this allows us to re-write the production function as: 

(3) Inlhij = a, + 0oEhjj + 6wEhiJ + 0AEhij + vhij + uhjj 

Source data for shipway authorizations is at the yard-level and taken from Fischer (1949). 

The EP, Ew, and E4 terms reflect the same measure of cumulative experience as they did 

in the preceding section: cumulative within-yard, cumulative within-region, and 

cumulative extra-region output respectively. Due to the extreme similarity of the results 

between the regional model and the purely distance based model, we estimate only the 

model where cumulative production is aggregated at the regional level. The disturbance 

term, v/,,y is assumed to be distributed normally with zero mean and variance of ay. 
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Instead of treating the plausible causes of organizational forgetting as distinct inputs to 

the production function, we model them as factors which shift the mean of the technical 

inefficiency term Uhtf- 

(4) Uhij = ^0 + $\ SRhij + <?2 WaSehij + ^3 HRhij + Whij 

The Why term is defined as the truncation of a normal distribution with mean zero and 

variance a2. The point of truncation is: 

- (S0 + SiSRhiJ + S2wagehjj + S3HRhiJ ) 

which is equivalent to the assumption that Uhy is a non-negative truncation of the normal 

distribution with mean of : 

SQ + SlSRhiJ + S2wagehiJ + S3HRhij 

and variance of cr2y. 

The variables and units of measurement are identical to those described in the 

preceding section. SRhy is a measure of the total separation rate of employees at the time 

the keel of ship h was laid in yard i in geographic region j. The waget,y captures the 

average hourly wage of all workers in the shipyard. The HRhy term is the measurement of 

the hiring rate for new personnel for ship h in yard i in geographic region j. Data is taken 

from Fischer (1949). 

Equation 3 specifies the general production framework as estimated in the 

preceding section. In addition to the specification of the inefficiency term in equation 4, 

we consider several other representations of the overall level of inefficiency consistent 

with the economic data available and exploited in the preceding section concerning 

spillovers. Chief among these was the presumption that the production of different types 

of vessels in Liberty shipyards would diminish the labor efficiency of the yard. Equations 
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5 and 6 therefore model this effect as a variable that affects the mean of the inefficiency 

term: 

(5) uhij , — <?o + SRhj t 
+s2 ™agehiJ +

S3HRH ,+s,K+w> 

(6) uhij i =SQ+ SxSRhl : + S2 wagehlJ +S3HRhl <+s.K+w> 

As in the previous section, the NhiJ term is an indicator variable which is 1 if the 

respective shipyard produced merchant vessels of the non-Liberty type in the month 

preceding the laying of the keel of ship h. The only distinction between Ns and is the 

month in which the disruption occurred: A^ is 1 if non-standard output was produced in 

the current month and A^ is 1 if non-standard output was produced in the preceding 

month. As these two variables are likely to be heavily correlated, the results are likely to 

be very similar. 

We also consider two specifications of the current period rate of output. In the 

first, depicted in equations 7 and 8, we consider the line speed as directly determining the 

unit labor requirement: 

(7) Inlhij = ai + 0oE°hl) + 0wEyy + 0AE*y + 6Pyhij + vhi/ + uhlj 

(8) uhij =SQ+ S}SRhiJ + S2wagehij + S3HRhlj + 5AN
s

hij + Why 

In the final model to be estimated, line speed does not directly impact the unit labor 

requirement but rather influences the mean of the inefficiency term. The production 

structure uses equation 3 with the inefficiency structure presented by equation 9: 

(9) uhij -ô0+ ô\SRhij + S2wagehiJ + S3HRhij + SAN
s

htJ + S5yhij + Whlj 

Statistical significance of the <5 terms indicates an increase in the unit labor 

requirements for ship construction and a lower level of technical efficiency. We test for 
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the significance of these effects. It is expected that the effects will be positive in sign in 

consistency with the results presented in the preceding sections, providing further 

evidence of the organizational forgetting hypothesis. We also test for the significance of 

the inefficiency effects and of the significance of the stochastic nature of the technical 

inefficiency effects with appropriate likelihood ratio tests. 

Estimation 

The model is estimated by maximum likelihood using the FRONTIER package 

for stochastic frontiers. The FRONTIER package is authored by Coelli and has become 

widely used in the literature to consider efficiency frontiers. A full overview of the 

FRONTIER package, including source code examples, is presented in Coelli (1992) and 

Coelli (1996). The package readily permits the estimation of stochastic frontier models of 

the form present in equation 3 and equation 4. The package follows a three-step 

estimation procedure which is described in greater detail in Coelli (1996). First, ordinary 

least squares estimates of the parameters are obtained. Next, the variances are 

parameterized as y=o \j/(o y + o'u). Significance of y therefore implies that inefficiency 

effects are highly significant in the analysis of production as proposed. The values from 

the OLS estimates obtained in the first step are used in a two-phase grid search of y. An 

iterative algorithm (the Davidon-Fletcher-Powell Quasi-Newton method) is then 

employed to generate the likelihood maximizing values of the parameters. The first order 

partial derivatives of the likelihood function are presented as an appendix in Battese and 

Coelli (1993). 

Results 
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The maximum likelihood estimates of the systems of equations presented in 

equations 3-9 are presented in Table 1. The results are largely consistent with the results 

presented in the preceding sections. As the dependent variable is again the logged 

measurement of the labor requirements to complete a vessel, negative values of 

explanatory coefficients are variables which improve labor efficiency and positive values 

are variables which decrease labor efficiency. Bold numbers in the table indicate 

explanatory variables for the firm inefficiency level. 

As earlier, there are significant labor efficiency gains from within-yard and 

within-region organizational experience. These terms are highly significant at the 99% 

confidence level. The effects from cumulative output outside of the region remain 

positive, implying that production in extremely distant shipyards drives up labor 

requirements in proximal yards. This is likely due to competition and general wartime 

scarcity for limited resources, particularly rolled steel plate, amongst all of the shipyards 

in the country. In such a case, increased levels of output have no spillover effects to local 

shipyards but rather reduce the inventories of physical inputs and of managerial talent 

available to shipyards within the current region. In all models, the y term is highly 

significant, indicating that the efficiency terms are significant in the analysis of Liberty 

ship production. 

The labor turnover coefficients are highly significant in the stochastic efficiency 

frontier model. Higher rates of hiring and separation drive up unit labor requirements and 

are significant at the 99% confidence level. The estimates also imply that switching the 

output of the production line have an extremely negative impact on labor efficiency, 

driving up the unit labor requirements of subsequent vessels between 10 and 15%. These 
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Table 1: Results of Maximum Likelihood Estimation 
No Delay Delay in Delay in Line Speed in Line Speed in 

Indicators Period Previous Inefficiency Production 
(Eqs. 3 & 4) (Eqs. 3 & 5) (Eqs. 3 & 6) (Eqs 3 & 9) (Eqs 7 & 8) 

Own Yard Exp. -0.198** -0.197** -0.196** -0.179** -0.184** 
0.006 0.006 0.006 0.006 0.006 

-31.136 -31.493 -31.767 -31.012 -29.024 
Within Region Exp. -0.186** -0.182** -0.179** -0.111** -0.172** 

0.019 0.019 0.019 0.019 0.018 
-9.597 -9.797 -9.425 -5.94 -9.581 

Outside Region Exp. 0.216** 0.209** 0.206** 0.125** 0.212** 
0.021 0.02 0.021 0.021 0.02 
10.2 10.278 9.864 5.914 10.642 

Wage Rate -0.492** -0.465** -0.446** 0.102** -0.422** 
0.109 0.102 0.096 0.045 0.111 
-4.498 -4.563 -4.661 2.274 -3.818 

Hire Rate 0.013** 0.012** 0.012** 0.002* 0.011** 
0.002 0.002 0.002 0.001 0.002 
6.556 7.112 6.49 2.665 6.369 

Separation Rate 0.026** 0.024** 0.024** 0.008** 0.024** 
0.004 0.004 0.004 0.001 0.004 
6.702 6.845 6.333 6.649 5.656 

Production Delay 0.150** 0.174** 0.092** 0.094 
0.044 0.049 0.015 0.056 
3.42 3.576 6.08 1.669 

Line Speed -0.153** -0.074** 
0.011 0.009 
-13.51 -8.518 

Gamma 0.864** 0.862** 0.862** 0.849** 0.840** 
0.025 0.025 0.024 0.019 0.028 

35.103 34.4 36.279 44.267 29.53 

Bold numbers indicate variable treated as explanatory variable for labor inefficiency  

* indicates significance at the 95% level 

** incidates significance at the 99% level  

Sources of Data: USMC records provided by Thompson (2001) and Fischer (1949)  

estimates are also highly significant at the 99% confidence level. Lastly, increases in the 

line speed as measured by current period output significantly decrease the labor 

requirements, a finding consistent with Benkard’s (1994) study of commercial widebody 

airliners. 

The estimates in table 1 imply that cumulative output is highly significant in the 

production of Liberty vessels. Furthermore, the estimates reveal that characteristics of the 

production process such as labor turnover and suspension of output significantly decrease 

the efficiency of firms and work in counter to the effects of organizational learning. If a 
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model were to be estimated which ignored the influence of these variables, these effects 

would likely be present as observed ‘organizational forgetting.’ In the case of Benkard, 

for example, it is quite likely that Lockheed was forced to terminate workers as 

production slowed. The estimates in table 1 suggest that such a move would drive up unit 

labor requirements on subsequent units of output. Therefore, labor turnover is likely to be 

one of the chief culprits in the presence of organizational forgetting. In most economic 

settings, labor turnover would likely be a choice variable for the firm and therefore would 

require valid instruments to avoid endogeneity error. In the case of wartime production, 

these issues are avoided by War Production Board initiatives to eliminate the previously 
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Table 2: Average Labor Inefficiency Estimates of Maximum Likelihood Estimation  
Line Speed Line Speed Average 

Delay in Delay in in in No Delay of 
Previous Period Inefficiency Production Indicators Shipyard 

Bethlehem- 
Fairfield Baltimore, MD 1.057 1.056 1.065 1.053 1.055 1.057 
Brunswick - 
Jones Brunswick, GA 1.151 1.15 1.27 1.128 1.15 1.17 

Calship Terminal Island, CA 1.077 1.075 1.106 1.064 1.071 1.079 

Carolina Wilmington, NC 1.076 1.076 1.095 1.067 1.076 1.078 

Delta 
Shipbuilding New Orleans, LA 1.087 1.083 1.179 1.066 1.073 1.098 

New England 
Shipbuilding South Portland, ME 1.076 1.074 1.153 1.068 1.074 1.089 

Todd Houston Houston, TX 1.092 1.091 1.147 1.085 1.091 1.101 

Oregon 
Shipbuilding Portland, OR 1.104 1.103 1.123 1.093 1.103 1.105 

Panama City - 
Jones Panama City, FL 1.179 1.175 1.291 1.149 1.162 1.191 

Permanente 
Richmond #1 Richmond, CA 1.117 1.116 1.184 1.104 1.115 1.127 

Permanente 
Richmond #2 Richmond, CA 1.134 1.133 1.143 1.116 1.133 1.132 

Southeastern 
Shipbuilding Savannah, GA 1.088 1.087 1.219 1.08 1.086 1.112 

St Johns River 
Shipbuilding Jacksonville, FL 1.117 1.116 1.23 1.099 1.115 1.135 

Average of All Models 1.096 1.095 1.141 1.084 1.093 1.102 
Sources of Data: USMC records provided by Thompson (2001) and Fischer (1949) 

discussed issue of labor ‘scamping.’ Figure 1 plots the relationship of the average 

technical efficiency of the shipyards with hiring and separation statistics plotted against 

time average over all of the estimated models. 

The firm-level efficiency estimates are presented in Table 2 for all of the 

shipyards contained in the sample. As the equation estimated as a labor requirement 

function, the values in Table 2 are all greater than 1. This implies that, for example, no 

average Calship used 7.9% more labor than the minimum labor requirement theoretically 

attainable. This is a distinction from production models where the dependent variable is 

output or logged output as inefficiency results in this case indicate the percentage of the 
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Table 3: Labor Statistics and Firm Inefficiency 
Average Separation 

Rate 
Average Hiring 

Rate 
Average Labor 

Inefficiency 

Bethlehem-Faifield 8.053 9.512 1.057 

Brunswick - Jones 14.220 14.108 1.170 

Calship 8.497 10.319 1.079 

Carolina 6.894 10.487 1.078 

Delta Shipbuilding 6.942 8.535 1.098 
New England 
Shipbuilding 7.267 5.117 1.089 

Todd Houston 10.654 10.411 1.101 

Oregon Shipbuilding 12.730 15.414 1.105 

Panama City - Jones 13.866 13.614 1.191 

Permanente Richmond #1 14.176 15.917 1.127 

Permanente Richmond #2 12.278 12.758 1.132 
Southeastern 
Shipbuilding 10.993 12.076 1.112 
St Johns River 
Shipbuilding 11.857 12.224 1.135 
theoretically attainable maximum output produced. Table 3 presents labor information 

regarding the shipyards contained in the sample combined with the average labor 

inefficiency estimates from Table 2. According to the stochastic efficiency estimates, 

Bethlehem-Fairfield has the distinction of being the most efficient of the emergency 

Liberty yards. This is not unsurprising given that Bethlehem-Fairfield was one of only 

three shipyards to have an average of less than 10% of monthly labor turnover. Delta 

Shipbuilding, Calship, and New England Shipbuilding also benefited from comparatively 

low levels of labor turnover. 

The most inefficient firms in the sample, Brunswick-Jones and St Johns River, 

were plagued by high levels of labor turnover. Interestingly, the shipyard with the highest 

rates of labor turnover, Permanente Richmond #1, was not terribly inefficient in 

comparison to the other shipyards. This might be because worker turnover may have been 

to or from Permanente Richmond #2 causing little decrease in worker familiarity with 
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Table 4: Regional EsI imates of Average Labor Inefficiency 
Delay in 
Previous 
Period 

Delay in 
Period 

Line Speed 
in 

Inefficiency 

Line Speed 
in 

Production 
No Delay 
Indicators 

Average 
of 

Shipyard 
Atlantic 1.086 1.085 1.145 1.076 1.083 1.095 
Gulf 1.090 1.088 1.159 1.078 1.084 1.100 
Pacific 1.108 1.106 1.132 1.094 1.105 1.109 
Average 1.094 1.093 1.145 1.082 1.091 
labor tasks or because of managerial spillovers not fully accounted for in the specification 

of organizational learning. 

Table 4 presents the regional averages of labor inefficiency. With the production 

structure chosen, there does not appear to be any significant evidence of a relationship 

between labor inefficiency and regional affiliation. This does not imply that all yards and 

all regions were equivalently economical in their employment of labor in shipbuilding. 

Rather, the implication is that conditioned on the levels of the explanatory variables and 

the intercept terms, the average of the unit-level deviations off of the estimated efficient 

frontier do not appear to be correlated with geographic region. 

Technical Efficiency and Learning-By-Doing: Conclusions 

In this paper, we consider a stochastic efficiency frontier model based on the 

Battese and Coelli (1995) specification. We examine two major issues: the role in which 

geographical spillovers based around regional associations plays in organizational 

learning and the nature of firm-level inefficiency in Liberty ship manufacturing during 

World War II. We exploit exceptionally detailed production statistics and the exogeneity 

of inputs in a wartime setting. We conclude that within-regional spillovers had a 

significant positive impact on a firm’s productivity. We furthermore find that cross- 

regional spillovers actually had a negative impact on firm productivity, a fact that we 

attribute to competition over scarce war materials, including (but certainly not limited to) 
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rolled steel plate. We find the same results in a model using raw geographic as-the-crow- 

flies distance as provided by Google Maps. 

We find a strong relationship between several relevant economic variables and 

labor inefficiency, the second major issue explored. We find that increases in the hiring 

rate and separation rate of workers in a shipyard significantly increased the unit labor 

requirement for vessels. We propose that these effects are separate from the 

‘organizational learning’ effects but are likely to be one of the root causes of 

‘organizational forgetting’, the idea that the stock of organizational knowledge 

depreciates over time. This seems quite likely; increases in the separation rate and/or 

hiring rate necessarily imply that the overall average level of worker experience will 

decline in the next period. 

We furthermore find that a critical determinant of inefficiency is the production of 

non-standard types of vessels in the emergency yards. Several of the shipyards in the 

sample were required to build a multitude of colliers, boxed aircraft transports, and 

emergency tankers during the time period in which Liberty ship production transpired. 

When allowances are made for these periods, estimates imply that non-standard 

production of output drastically increased the labor requirement for subsequent output of 

the standard Liberty vessel. The implications from these findings are that firms seeking to 

minimize their employment of labor and to maximize their productive efficiency in large 

scale commercial enterprises must take measures to minimize labor turnover and to limit 

the severity of modifications to the production line. 
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Chapter 3 

Price Discovery and Regional Market Integration in Natural Gas Spot 
and Forward Markets 

Introduction 

Government regulation of the natural gas industry began with the Natural Gas Act 

of 1938, which gave the Federal Power Commission (now the Federal Energy Regulatory 

Commission) the authority to set “just and reasonable” rates for the transportation and 

sale of natural gas in interstate commerce. In 1954, the United States Supreme Court 

extended FPC/FERC power further by delegating the responsibility of regulating 

wholesale prices of natural gas at the wellhead in the landmark case of Phillips Petroleum 

v Wisconsin. However, regulation of intrastate pipelines remained the domain of state 

governments. Thus, substantial frictions were introduced into the market as wellhead 

suppliers chose to supply gas into intrastate pipelines rather than the federally regulated 

interstate pipelines. Shortages in metropolitan areas served by the major interstate 

pipelines resulted. 

Since the late 1970s, regulatory reforms made by the federal government and the 

FERC have attempted to increase the amount of competition in natural gas markets by 

diminishing the market power of pipeline companies. These reforms have been intended 

to make pipelines more readily accessible to shippers and to consequently more fully 

integrate the market for natural gas in the United States. The passage of the Natural Gas 

Policy Act of 1978 represented a key step to eliminate the system of price ceilings which 

had previously characterized the wellhead sale of natural gas. The act attempted to 

gradually scale back the price ceilings in place at the wellheads. Sickles and Streitwieser 

(1992, 1998) consider the impact of the NGPA of 1978 upon the natural gas industry. 
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They argue that the incomplete elimination of price ceilings adversely impacted the 

productivity and efficiency of the natural gas industry when considered in a cost function 

framework. The terms of the NGPA resulted in market frictions which lowered supplier 

productivity significantly in the years following the advent of the legislation. The passage 

of FERC Open Access Rule Orders 436, 500, and 636 dramatically increased market 

participation by separating the transporting entities from the gas marketing units at 

pipeline companies. In essence, marketing firms became able to buy and sell natural gas 

by being treated as any other customer by the pipelines themselves. The tariffs imposed 

by the pipelines remained regulated by the FERC. 

As a result of the trend towards the deregulation of prices both at the wellhead 

and at the points of delivery to distribution systems, many regional hubs have arisen to 

accommodate the marketing of natural gas, both in the spot markets as well as in the 

markets for future deliveries. Economic theory suggests that decreases in the amount of 

regulation of spot prices should more fully integrate the production and distribution 

network of natural gas in the United States. Furthermore, if regulatory reforms are as 

effective as advertised, gas marketers and production firms should become 

unambiguously more efficient. 

The case for natural gas is not unlike that of other industries which moved 

towards deregulation. Between the 1970s and 1990s, North American airlines benefited 

from a relaxation of government intervention in their running. Alam and Sickles (2000) 

consider this industry in a technical efficiency frontier context. Data envelopment 

analysis is employed to determine that competition in the industry significantly improved 

efficiency after deregulation. Interestingly, the authors consider the time series properties 
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of the efficiency. They employ cointegration techniques to analyze the stability of the 

long term relationships governing efficiency of each of the airlines in the sample. They 

argue that efficiency measurements must be cointegrated (e.g. technical efficiencies must 

‘follow’ each other) as innovations made by one airline must be copied by others in order 

to remain competitive. 

Accordingly, we expect that the move towards full and complete deregulation of 

the natural gas industry will mirror that present in the airline industry. In the current 

study, we employ time-series data to more fully assess the extent of market integration in 

North American natural gas markets. We employ a vector error-correction model 

(VECM) to estimate different cointegrated specifications of natural gas price data. We 

differ from existing studies in the breadth and scope in the study. Previous studies have 

focused largely on the spot market for natural gas by using a representative hub to 

characterize each geographic region of North America to assess the extent of market 

integration. In this study, we make use of not only spot data but also forward contract 

prices. As a result, we are able to assess the integration of markets across geography but 

also across time. We also assess the validity of the ‘representative hub’ hypothesis. The 

study consists of four major areas of analysis. In each of the areas, we additionally 

consider the issues of Granger causality to identify the causal relationship (if any) 

between price movements. 

In the first section, we examine the nature of intra-region price movements. We 

divide the US into 11 distinct regions which characterize the principle areas of both 

supply and of downstream demand. We then check for the extent of intra-regional 

cointegration by estimating a VECM for each region using Platts’ hub prices within the 
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region over the time period of 2005 to 2008. Since these hubs are geographically close 

and are therefore able to make use of common infrastructure such as gas storage, it is 

expected that each of the eleven regions should be heavily integrated. If these markets are 

heavily integrated, then a gas marketing firm or a gas producer might be able to 

effectively hedge exposure at a less liquid location with a financial instrument at a 

heavily traded hub. For example, a gas producer wishing to hedge production at CIG 

Rocky Mountains would be able to effectively hedge its production by entering into basis 

or swing swaps at the higher volume Kem River hub. Additionally, a firm might apply 

the same logic to the estimation of volatility relationships to capture the extrinsic value of 

transportation capacity or of storage contracts. Furthermore, evidence of highly integrated 

markets would allow risk management personnel to simplify the data needed to generate 

risk metrics for financial positions, such as value-at-risk. 

Failure to adequately gauge the extent of regional market integration may have 

dire consequences for gas marketing firms. Common deal capture and risk management 

tools use the concept of common ‘valuation pools’ which use a representative regional 

price to value current gas positions. If there is no evidence of market integration within 

the regions, estimates of the profit and loss for accounting purposes may differ 

dramatically from their true value. Additionally, metrics of risk measurement may fail to 

fully appreciate the extent of the current risk profile of the firm as price movements (and, 

as a result, volatility) will be unrelated. 

In the second section, we revisit the issue of nationally integrated natural gas spot 

markets. We consider the same geographic structure proposed in the first section but 

select one “representative hub” from each region. The chosen hubs had on average the 
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highest daily volume of gas traded over the time period in question according to the Gas 

Daily volume reports. All of the regional hubs are then considered in a VECM model. If 

infrastructure is fully developed, then we expect to see strong integration of the markets 

in the model. Lack of integration between some hubs may be evidence of a lack of 

transport capacity (such as might be observed in the Rockies when the “Rockies Express” 

pipeline is down for maintenance) which precludes the elimination of arbitrage pricing 

opportunities. We consider causality issues in this model in order to determine the 

direction (if any) of the causal flows in the national natural gas market and to test 

hypotheses about the relationship between major regions of demand and the predominant 

areas of gas supply. 

In the third section, we perform an analysis similar to that of section two, except 

that forward price information is used rather than current-month spot price data. The 

purpose of this specification is to determine whether traders of natural gas futures are 

able to properly estimate and account for the role of transportation. If spot markets prove 

to be less integrated than the futures markets, this may be seen as evidence that futures 

traders do not correctly anticipate storage and transportation constraints. This is simply a 

reflection that pipelines without excess capacity will likely introduce friction into the 

relative price movements. For example, basis differentials in wintertime for gas delivered 

to New York and the northeast are frequently extremely large relative to summertime 

values, reflecting a lack of capacity on the pipelines from the gas producing regions of 

the Gulf Coast to major areas of demand. We again consider issues of causality in this 

context and expect that the strongest predictor of future price movements will be the most 

liquid hub of Henry Hub in Louisiana. 
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In the fourth and final section, we begin the analysis of the integration of forward 

markets with the current market for physical delivery. For purposes of this analysis, we 

use the daily settlement price for natural gas delivered in the next month. We combine 

these prices with the aforementioned spot prices as provided by Gas Daily. We check for 

pairwise cointegration between the next month’s forward price and the spot price at each 

of the 11 regional hubs described in section two. Since natural gas is a storable 

commodity, we expect that the pairwise points should be cointegrated. We consider 

issues of causality in this context. 

In all cases, tests of market integration are inherently considering the role in 

which geography plays in transmitting what might be better labeled as pricing spillovers. 

If the hypotheses are confirmed, then shocks to prices in one region must be transmitted 

to other regions as gas flows around the grid to accommodate the shock. For example, in 

the aforementioned case of a pipeline shutdown, the low Rockies price might be seen as a 

pricing shock. If this event is transmitted to other connected regions, then one might 

consider the system of price movements as a wonderful context in which to test 

hypotheses about the nature of pricing spillovers. Furthermore, the rate at which these 

spillovers are fully integrated into markets at distant regions enables a gas marketer to 

more fully assess and predict future plausible movements in prices. 

Existing Literature / Background 

De Vany and Walls (1993) considered the issue of deregulation in spot markets in 

natural gas by performing market cointegration tests on Gas Daily data at 20 hubs. They 

tested 190 market-pairs of prices broken into one-year increments of time between 1987 

and 1991. According to their findings, evidence of cointegration in the market pairs is 
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non-existent in the early years of the sample, but the empirical results show that more 

than 65% of their market pairs had become integrated by the end of the time period. They 

attribute this finding to the “open access” policies implemented by the FERC and the 

move towards deregulation of spot prices. 

King and Cue (1996) examine spot prices in a study of the impact of geography 

on the extent of the integration of natural gas markets. They used a Kalman filter 

approach to analyze monthly price data for 17 North American natural gas markets 

between January 1986 and September 1995. They find that market integration has 

increased since the deregulation of market forces and further find evidence that east coast 

and west coast markets seem governed by different fundamentals. Serletis (1997) revisits 

the issue of this “East-West split” in natural gas markets. He uses the Engle and Granger 

(1987) and Johansen (1988) procedures for estimating cointegrated systems. His findings 

are that none of the prices in the sample markets cointegrate, implying that the “East- 

West” split does not exist. 

Kleit (1998) estimates transaction costs associated with gas marketing directly. 

Since deregulation, he finds that “deregulation seems to have made the Louisiana-Texas- 

Oklahoma region close to one large pool for natural gas.” However, transaction costs in 

the Rocky Mountains were not observed to have fallen during the time period in question. 

Kleit concludes that a limitation of pipeline capacity in the region may have caused the 

transaction costs in the Rocky Mountains to remain high and proposes that additional 

pipeline capacity may reduce these costs. 

Lin and Tamvakis (2001) consider spillover effects between different 

commodities markets. They examine the relationship between London (IPE) and New 
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York (NYMEX) prices for different commodity contracts, including crude oil, heating 

oil, gas oil, and natural gas. They find evidence of a linkage between prices on the two 

exchanges, implying that commodities are not only integrated in local markets, but also 

are integrated in a global sense. They also explore issues of the nature of the timing of 

price discovery. They argue that IPE contracts are substantially affected in morning 

trading by the previous day’s close of NYMEX trading, implying that NYMEX may be 

the market leading exchange. 

Serletis and Rangel-Ruiz (2004) look for common trends in North American 

natural gas and crude oil markets. They employ an autoregressive distributed lag model 

(ARDL) to gauge the connectedness of crude and natural gas since the markets have 

trended towards deregulation. They find that since deregulation, crude oil and natural gas 

have functioned as separate commodities and have been ‘decoupled.’ They furthermore 

find that the North American gas market is highly defined by movements in the price at 

Henry Hub, a result consistent with complete integration of the marketplace.. 

Cuddington and Wang (2006) consider the issue of spot market integration in 

natural gas markets. They employ data from the Platts’ Gas Daily publication at 76 

market locations during 1993 to 1997 in a wide sample of all of the physical gas markets 

in the United States. They employ a model of bilateral price gaps where the price series 

are modeled as first order autoregressive processes. They test the resulting 2850 pairs of 

points for market integration. They break the United States into geographic regions of 

East, West, and Central and compute results for each of the major regions. They find that 

74% of the 2850 price gaps are stationary. The majority of the remaining price pairs in 

their models are between West and East and West and Central. The implication from this 
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is that pipeline constraints may prevent effective integration of western markets and those 

of the central and eastern United States. The “East and Central markets form a highly 

integrated market,” but “limited physical connectivity between the West and the other 

regions... leave incomplete the objective of creating a single national market for natural 

gas.” Their findings can be taken as evidence of the existence of the “East-West” split in 

natural gas markets found by King and Cue (1996). Park et al (2008) further consider 

spot markets in a cointegrated framework. They find heavy presence of market 

integration in North American and Canada spot markets. 

Park et al (2008) further consider spot markets in a cointegrated framework. They 

find evidence of the presence of market integration in North American and Canada spot 

markets. They employ a vector error correction model to check for a national market for 

natural gas and find that there is evidence of market integration. However, they find the 

market integration is not total. They attribute this finding to the continued presence of 

government regulation in the industry. 

Methodology 

Price data of the type used in this study are typically nonstationary, meaning the 

time series have a unit root present. Dickey and Fuller (1979) propose three tests to detect 

the presence of unit roots in time series: 

4u =jy,-i +£, 

Ay, =o0+ yy,A +£, 

Ay, =a0+;yM +a2t + e, 

Under the null hypothesis of the presence of a unit root, y=0. Rejection of the null 

hypothesis indicates the presence of a unit root. If a unit root is present in the data, the 
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time series may be differenced to produce a stationary time series. A time series which is 

non-stationary but which differencing yields a stationary series is said to be integrated. 

The order of integration is the number of differences of the series which must be taken to 

yield a stationary time series. 

Noting that the Augmented Dickey Fuller types of test the null hypothesis of a 

unit root against the alternative of no unit root, Kwiatkowski, Phillips, Schmidt, and Shin 

(1992) devise a test based on the null hypothesis of stationarity against the alternative of 

a unit root. They consider a model with both deterministic trend and random walk 

components: 

y, =& + r, +e, 

9 9 
where rt = rt.i + ut and the ut are iid (0, ou ). The stationarity hypothesis is that au = 0. 

Defining the sum of the residuals as: 

s,=i>, 
M 

the ‘long-run variance’ is defined as: 

dr2 = lim T~1E(S$) 
r-x» v ' 

The authors then construct a consistent estimator of a : 

sHl) = T-'j?e;+2T-'jrw(s,l)fie,e,_, 
t=l s=1 /=.y+l 

where w(s,l) is a weighting function based on the Bartlett window. The authors 

furthermore provide the appropriate limiting distributions for the statistics based on level 

and trend stationarity as well as the critical values at the relevant levels of statistical 

significance. This test, known hereafter as the KPSS test for stationarity, has been widely 

used since its introduction. 
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The concept of cointegrated time series was first introduced by Engle and Granger 

(1987), who noted that it is possible that the linear combination of two or more 

individually non-stationary time series may be stationary when combined together. In 

essence, cointegration proposes that multiple time series may be linked by some 

commonality in the underlying economic structure that makes the time series ‘move 

together’ in some way, even if the individual time series are non-stationary. Formally, a 

vector of series such as xt=(xit,X2t,X3t...,Xnt)’ is said to be cointegrated of order (d, b) if 

each of the x* series is integrated of order d and a vector P=(pi, p2, P3,..., pn) exists such 

that the linear combination Pxt is integrated of order d-b. The vector p is referred to as a 

cointegrating vector for the system. In most empirical applications, first differencing is 

sufficient to make nonstationary time series stationary. This implies that most 

multivariate time series in empirical contexts are cointegrated of order (1,1), represented 

by the notation CI(1,1) (Hamilton 1994). Cointegration has since been used in a large 

number of empirical evaluations in disparate settings, including corruption and economic 

output (Brown and Shackman 2007), electricity consumption and electric output (Jumbe 

2004), heating oil prices in Europe (Indjehagopian, Lantz and Simon 2000), the market 

for live hogs (Schroeder and Goodwin 2006), and many others. 

The price movements of commodity markets, particularly those of natural gas, 

lend themselves naturally to analysis in a cointegrated framework. Though each series of 

prices will be nonstationary, the elimination of arbitrage opportunities and the law of one 

price require that connected markets must respond to movements in price elsewhere. In 

the case of natural gas, a storable commodity, the price series should move together in 

both geographic/spatial and temporal proximity. The implication for the current study is 
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that cointegrated models are used to consider price movements when the period of 

delivery is the same but the place of delivery varies as well as the case in which the 

period of delivery varies but the place of delivery remains the same. For example, if 

particularly harsh winter weather hits Boston, we expect that the price of natural gas in 

the region increases. This upward pressure subsequently applies upward pressure at 

Henry Hub to eliminate spatial arbitrage. Similarly, an increase in the price of gas in the 

prompt month should apply upward pressure in the current month to eliminate temporal 

arbitrage. 

The primary tool for analysis of cointegrated systems is the vector error correction 

model (VECM). The vector xt=(xit,X2t,X3t...,Xnt)’ has an error correction form if it can be 

expressed as: 

p 

Ax, = 7T0 + mt_x + yV,Ax,_, + £, 
/=l 

£•, ~ wn(0, £) 

where no is an intercept term, A is the traditional time series difference operator, rc is a n 

by n dimensional matrix that relates lagged levels of x to changes in the current level, and 

P is the number of lagged differences selected to include in the system. The Granger 

representation theorem implies that if all of the components of xt are 1(1), the error 

correction representation is equivalent to cointegration (Hamilton 1994, Enders 2004). 

The rank of n is the rank of the cointegrating space. If the rank of n is zero, then the 

system is not cointegrated and a typical vector autoregression (VAR) is appropriate. If Jt 

is of full rank, then the xt are stationary and are not cointegrated. Thus, in a cointegrated 

system, n is of rank between 1 and n-1. The optimal number of lags to include in the 

system, indicated by P, can be determined by examination of the Akaike Information 
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Criterion (AIC) or Schwartz Bayesian Criterion (SBC). The rank of the cointegrating 

space can be determined by testing for the number of characteristic roots of n which 

differ from zero. This is the fundamental concept behind the Johansen (1988) and Stock 

and Watson (1988) methodologies for testing for the presence of cointegration in time 

series. All analysis presented in this study is done using Johansen’s (1988) method for 

maximum likelihood estimation of the error corrected systems. 

Johansen and Julius (1990) note that n can be parameterized as aP’. In this form, 

the P term captures the nature of the long-term equilibrium relationship (the cointegrating 

vectors), and a captures the short-run adjustment to deviations from the equilibrium. 

Hypotheses can be tested on the nature of a and p by estimating the model with 

restrictions imposed and determining the ordered characteristic roots of the restricted 

model, X*. The statistic 

r£[ln(l-i;)-ln(l-l,)] 
/=1 

then has an asymptotic y2 distribution with degrees of freedom equal to r, the number of 

restrictions imposed. Thus, it is possible to test restrictions about the weak exogeneity of 

the error correction component as well as assumptions about the long term characteristics 

of the market in question. 

Groen and Kleibergen (2003) consider vector error correction models and 

construct a test based on maximum likelihood estimates derived from iterated GMM 

estimators. The resulting limiting distributions of the likelihood ratio statistics are 

contrasted with those presented in Johansen’s (1991) earlier work. The new framework is 

applied to a set of exchange rates. Support is found for the validity of the monetary 

exchange rate model. 
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Much of the current work in the field of cointegration has focused on considering 

the nature of nonstationarity of data in the context of the presence of panel data. Bai and 

Ng (2004) devise a methodology known as the panel analysis of nonstationary in 

idiosyncratic and common components (or PANIC). The strength of their analysis is that 

it tests common factors separately from ‘idiosyncratic’ terms. Simulations reveal that 

their tests have desirable properties. Their work is part of a rapidly growing body of 

literature focused on more effectively determining and testing the stationarity properties 

of time series. 

Pedroni (2004) considers the issue of testing for the presence of cointegration in 

panel data models when the short-run adjustment parameters and long-run slope 

coefficients of the estimated system are heterogenous. The limiting distributions of the 

relevant statistics are provided and the author argues of the importance of such models in 

subsequent applied work. An application to purchasing power parity after Bretton Woods 

is presented. 

Enders and Siklos (2001) consider the issue of cointegrated systems when 

adjustment parameters are asymmetric in nature. The traditional cointegration framework 

implies that the speed of adjustment parameter is constant regardless of the direction in 

which the change must occur to restore long-run equilibrium to the system. The authors 

propose a test for the case in which adjustment may differ depending on the direction of 

the disequilibrium. For example, short term interest rates may have 2 associated 

adjustment parameters: one for the case in which short term rates are lower than the 30 

year yield and another when short term rates are higher than the 30 year yield. The 
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authors argue that the traditional cointegration framework may be misspecified and argue 

for the consideration of the role of asymmetric adjustment. 

Westerlund (2006) considers cointegration in the context of panel data with both 

time series and cross sectional components. The tests developed searches for the presence 

of cointegration when the panel data contains structural changes in the deterministic 

components of the panel regressions. The test is a Lagrange Multiplier test based on 

McCoskey and Kao (1998) and permits both explicit and endogenously derived structural 

changes. The tests are then applied to current account data as utilized by Ho (2002) and 

Taylor (2002). 

Narayan (2005) makes use of the latest techniques in cointegration tests to 

analyze saving and investment in China. The hypothesis tested is that in closed 

economies, increases in savings should be heavily correlated with increases in 

investments. Narayan exploits an autoregressive distributed lag (ARDL) framework and 

finds that savings and investment in China are cointegrated during 1952-1998. This 

finding is consisting with the ‘saving and investment nexus’ hypothesis. 

Data 

Daily observations of spot prices are taken from the Platts’ Gas Daily publication. 

Prices are quoted in dollars per million of British Thermal Units (MMBTU). Gas Daily is 

a daily publication which uses survey data taken from physical gas traders to publish 

pricing and volume information at the largest North American hubs. Prices quoted are the 

volumetrically weighted averages of deals completed on the day in question for injection 

into the pipeline for which the price is quoted. Misrepresenting the price of trades is 

treated as market manipulation by the FERC and has resulted in criminal prosecution and 



lengthy prison sentences for gas 

traders in the past. In 2008, a gas 

trader of Dynegy Energy Corp. was 

found guilty of misreporting the 

value of trades done and received a 

five year sentence in federal prison 

{Platts Gas Daily, August 22, 

2008). Thus, it can be assumed that 

the price data is accurate and not 

subject to the usual bias problems 

associated with the use of survey 

data in empirical studies. 

The forward prices are 

provided by Platts’ Mark 2 Market 

service. The M2M data provides 

daily 36 month forward curves at a 

large number of both liquid and 

illiquid hubs and closely mirrors settlement information for the Nymex Clearport natural 

gas exchange in the prompt months. Points six months or more in the future are usually 

traded as calendar spreads and thus not reflective of the true expected price at any given 

month. However, these issues are avoided in the current study as the analysis focuses 

only on the prices for gas in the delivery in the next month. 

Table 1: Hub Listing 
Region Representative Hub Other Hubs 

Permian Basin El Paso, Permian Basin Waha 

Transwestem, Permian Basin 

East Texas - North 

Louisiana NGPL, Texok zone Carthage Hub 

Texas Eastern, ETX 

Texas Gas, zone 1 

East-Houston-Katy Houston Ship Channel Katy 

South-Corpus 

Christi NGPL, STX Agua Dulce Hub 

Tennessee, zone 0 

Transco, zone 1 
Louisiana-Onshore 

South Henry Hub ANR, La. 
Columbia Gulf, La. 

Columbia Gulf, mainline 

Florida Gas, zone 1 

Florida Gas, zone 2 

Florida Gas, zone 3 

NGPL, La. 

Southern Natural (SONAT), La. 

Tennessee, La, 500 Leg 

Tennessee, La, 800 leg 

Texas Eastern, WLA 

Texas Eastern, ELA 

Texas Gas, zone SL 

Transco, zone 2 

Transco, zone 3 

Trunkline, WLA 

Trunkline, Ela 

Oklahoma Panhandle, Tx.-Okla. ANR, Ok la. 

CenterPoint, East 

NGPL, Midcontinent 

Oneok, Okla. 
New Mexico - San 

Juan El Paso, San Juan Basin 

Rockies Kern River, Opal plant CIG, Rocky Mountains 

Stanfield, Ore. 

Questar, Rocky Mountains 

Cheyenne Hub 

Northwest, Wyo. Pool 

Northwest, s of Green River 

Northwest PG&E, Malin 

Southwest SoCal Gas 

Northeast Transco, zone 6 non-NY 
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Source: Annual Energy Review 2007, Energy Information Administration, Department of Energy 

We divide the United States natural gas market into 11 major geographical 

regions corresponding to major points of gas supply and gas demand. The regional 

partition considered follows Platts’ regional associations as closely as possible. Table 1 

presents the regions, individual hubs, and the hub which will be used as the 

‘representative hub’ in the subsequent sections. The representative hub was chosen based 

on the highest continual volume over the period of 2005-2008. PG&E Malin, SoCal Gas, 

and Transco Zone 6 non-NY represent major regions of natural gas demand with the 

remaining regions being areas of natural gas production. Statistics about the flow of 

natural gas in the United States in 2007 are presented in the flow diagram of Figure 1. 

Measurements are presented in trillions of cubic feet. The primary uses of natural gas are 

for electrical power generation, industrial uses, and residential heating. The demand for 

natural gas is therefore highly sensitive to many external factors. High temperatures drive 

up demand for air conditioning, which necessitates an increase in demand for gas for 

power generation. Low temperatures drive up demand for gas for heating, particularly in 

the Northeast. Overall global economic conditions have a strong impact on the 
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Henry Hub 
commercial and industrial 

demands for natural gas, as 

well as all other energy 

commodities. 

The prices of natural 

gas are therefore highly volatile 

and characterized by strong 

summer/winter seasonality. The standard industry assumption is that November-March 

markets operate differently than those of April-October. Plots of the spot prices of the 11 

“Representative Hubs” are presented in Figure 2. The data appear strongly correlated 

with each other with all series indicating a period of high demand and prices in winter 

2005/2006 and a drastic increase in prices in the summer of 2008 preceding the onset of 

the global economic recession. Furthermore, a cursory examination implies that the data 

series are not stationary. 

To reduce the kurtosis and skewness of the time series data, the subsequent 

models use the natural log of the prices rather than the values of the prices themselves. 

Prices are not always published every day for all hubs in the sample. For example, during 

hurricane season, it is quite common for hubs along the Texas and Louisiana regions of 

the Gulf Coast to fail to report a price as a result of closure. In these instances and for 

holidays in which no trading occurs, the previous good price from the hub is used. 

Weekends are eliminated from the sample. The Gas Daily spot price data series contains 

725 daily observations at 48 hubs over the period of July 1,2005 to June 30,2008. « 
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Table 2: Augmented Dickey Fuller (ADF) Tests for the Presence of a Unit Root: 

Permian 
East Texas - North 

Louisiana South-Corpus Christi Lousiana-Onshore South 

El Paso - Permian -2.241 8 Carthage Hub -2.047 7 NGPL, STX -2.015 8 Henry Hub -1.839 6 

Waha -2.337 8 
Texas Eastern, 
ETX -2.197 7 Agua Dulce Hub -2.023 8 ANR, La. -2.030 6 

Transwestern, 
Permian Basin -2.281 8 

Texas Gas, 
zone 1 -2.048 6 Tennessee, zone 0 -2.037 7 Columbia Gulf, La. -1.874 6 

New Mexico - San Juan 
NGPL, Texok 
zone -2.026 8 Transco, zone 1 -2.008 8 

Columbia Gulf, 
mainline -1.872 6 

El Paso, San Juan 
Basin -2.277 7 Rockies Oklahoma Florida Gas, zone 1 -1.930 7 

Northwest 
Kern River, 
Opal plant -2.551 8 

Panhandle, Tx.- 
Okla. -2.374 7 Florida Gas, zone 2 -1.800 7 

PG&E, Malin -1.809 7 
CIG, Rocky 
Mountains -2.646 8 ANR, Okla. -2.290 8 Florida Gas, zone 3 -2.055 7 

Southwest Stanfield, Ore. -1.767 7 CenterPoint, East -2.335 7 NGPL, La. -2.223 7 

SoCal Gas& -2.106 8 
Questar, Rocky 
Mountains -2.397 9 NGPL, Midcontinent -2.366 8 

Southern Natural 
(SONAT), La. -1.891 7 

East-Houston-Katy Cheyenne Hub -2.574 9 Oneok, Okla. -2.361 8 
Tennessee, La., 500 
Leg -1.953 7 

Houston Ship 
Channel -2.004 8 

Northwest, 
Wyo. Pool -2.719 8 Northeast 

Tennessee, La., 800 
leg -1.919 6 

Katy -2.075 7 
Northwest, s of 
Green River -2.583 8 

Transco, zone 6 
non-NY -2.137 13 Texas Eastern, WLA -1.959 7 

Critical values of rejecting the null hypothesis of a unit root are: 

1%: -3.43 

5%: -2.86 

10%: -2.57 

First column indicates ADF statistic. Second column is number of lags. 

Texas Eastern, ELA -1.921 7 

Texas Gas, zone SL -2.142 6 

Transco, zone 2 -2.043 6 

Transco, zone 3 -2.128 6 

Trunkline, WLA -1.980 7 

Trunkline, ELA -1.914 6 

In analysis of commodity prices, assessing the time-series properties of the data is 

of critical importance. Determining the stationarity (or non-stationarity) is instrumental to 

the proper framework in which to conduct subsequent analysis. Figure 3 presents the 

autocorrelation function at Henry Hub. The correlogram is consistent with the properties 

of an integrated process. The p parameter is near one and the autocorrelations at the lag 

lengths persist for a substantial amount of time. 

The Augmented Dickey-Fuller series of tests provides an explicit test of 

the hypothesis of non-stationarity in time series. We estimate tests of the form: 

L 

(1) Ay, =fl0 +ZVM +2AV/-, +e, 
/=1 
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Table 3: Augmented Dickey Fuller (ADF) Tests (First Differences) 

Permian 
East Texas - North 

Louisiana South-Corpus Christi 
Lousiana-Onshore 

South 

B Paso - Permian -10.225 Carthage Hub -10.459 NGPL, STX -9.966 Henry Hub -10.589 

Waha -10.058 

Texas Eastern, 

ETX -10.722 Agua Dulce Hub -10.079 ANR, La. -10.767 
Transw estern, 

Permian Basin -9.941 

Texas Gas, 

zone 1 -10.698 

Tennessee, zone 

0 -10.831 Columbia Gulf, La. -10.836 

New Mexico - San 
Juan 

NGPL, Texok 

zone -9.921 Transco, zone 1 -10.083 

Columbia Gulf, 

mainline -10.911 

B Paso, San 

Juan Basin -10.980 Rockies Oklahoma Florida Gas, zone 1 -10.472 

Northwest 
Kern River, 

Opal plant -12.121 

Panhandle, Tx.- 

Okla. -10.552 Florida Gas, zone 2 -10.429 

PG&E, Malin -10.027 

CIG, Rocky 

Mountains -11.471 ANR, Okla. -10.029 Florida Gas, zone 3 -10.621 

Southwest Stanfield, Ore. -10.052 CenterPoint, East -10.431 NGPL, La. -10.292 

SoCal Gas -10.987 

Questar, 

Rocky 

Mountains -10.807 

NGPL, 

Midcontinent -9.965 

Southern Natural 

(SONAT), La. -10.247 

East-Houston-Katy Cheyenne Hub -10.844 Oneok, Okla. -9.685 

Tennessee, La., 500 

Leg -10.046 

Houston Ship 

Channel -10.165 

Northw est, 

Wyo. Pool -11.731 Northeast 
Tennessee, La., 800 

leg -10.787 

Katy -10.787 

Northw est, s 

of Green River -11.352 

Transco, zone 6 

non-NY -8.241 Texas Eastern, WLA -9.943 

Critical values of rejecting the null hypothesis of a unit root are: 

1%: -2.58 

5%: -1.95 

10%: -1.62 

Texas Eastern, ELA -10.108 

Texas Gas, zone SL -10.830 

Transco, zone 2 -10.729 

Transco, zone 3 -11.249 

Trunkline, WLA -9.782 

Trunkline, ELA -10.759 

where L is the number of lags selected based upon the Akaike information criterion. A 

trend term was excluded from equation 1 as an examination of the graphical properties of 

the time series did not motivate its inclusion. Trend terms were also found to be 

insignificant when included in the equation over the time period in question. 

However, when attempting to duplicate the results of previous publications (Park 

et al 2008, Serletis et al 2004, Cuddington and Wang 2004) which included earlier time 

periods, we found that natural gas prices exhibit both a strong amount of deterministic 
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trend and deterministic seasonality. We found evidence that failing to account for these 

deterministic trends may result in an assumption of stationarity. Studies which use daily 

data rather than monthly data are particularly vulnerable to this as included lags will be 

denominated in days rather than in months and will be of insufficient length to pick up 

any of the seasonality in the differenced lags. In essence, failing to use an adequate 

number of lags or failing to account for the seasonality with dummy regressors will mean 

that winter seasonality in the data will merely be treated as a short term shock which 

reverts back to a trend stationary process. This is evidence of the validity of the claims of 

da Silva Lopes (2006) and Demetrescu and Hassler (2007) who find that the size of 

Augmented Dickey-Fuller tests is diminished when the usual ADF tests are applied to 

models in which deterministic seasonality is not accounted for explicitly. 

Accordingly, we also augment the data generating process of equation 1 by 

including monthly dummy variables: 

L 

(2) Ay, = a0 + yyt_x + ^ Ayt_f +/ + mar + ap + may + jun + jul + au + s + o + n + d + e, 
i=i 

With the lag lengths chosen in the tests, the specification equation 2 does not 

significantly alter the results of the tests from equation 1. However, the subsequent 

natural gas researcher should employ caution when testing for stationarity in the presence 

of the highly seasonal gas markets. 

Augmented Dickey-Fuller tests of the 48 logarithmic time series are presented in 

Table 2. We follow the procedure suggested in Enders (2004) for the general-to-specific 

procedure for testing for the presence of a unit root. Data concerning the optimal lag 

length selection based on the Akaike Information Criterion are not presented but are 

available upon request. Deterministic time trend terms over the time period in question 
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Table 4: Significance of Drift Term / Stationarity of Representative Hubs 
Hub F-Statistic Drift Term Stationary 

El Paso, Permian Basin 2.60 NO NO 
NGPL, Texok Zone 2.14 NO NO 
Houston Ship Channel 2.11 NO NO 
NGPL, STX Zone 2.13 NO NO 
Henry Hub 1.79 NO NO 
Panhandle, Tx.-Okla. 2.90 NO NO 
El Paso, San Juan Basin 2.72 NO NO 
Kem River / Opal Plant 3.26 YES YES 
PG&E, Malin 1.80 NO NO 
SoCal Gas 2.35 NO NO 
Transco, zone 6 non-NY 2.36 NO NO 
F-Statistic is test of the joint assumption that intercept and unit-root coefficients are equal to 0. 

Statistics are from an F(2,765) distribution. 

Drift term indicates whether drift should be included at 5% level 

Stationary is results of ADF test with inclusion/exclusion of drift term at 5% level 

were found to be highly insignificant, though this conclusion would likely not extend to a 

broader sample of data by including earlier years in the sample. The results presented are 

for the ADF statistic in the presence of drift terms, or an intercept in the regression 

equation. We cannot in most instances reject the null hypothesis of a unit root. 

Four of the series in the Rockies reject the null hypothesis of a unit root at the 5% 

confidence level but accept the null hypothesis at the 1% level. 2 of the remaining 3 

series in the Rockies (Kem River/Opal and Questar) are very close to rejecting the null 

hypothesis of a unit root. Furthermore, these points are not robust to lag selection; shorter 

lag lengths tend to reject the null hypothesis of a unit root. The only point in the Rocky 

Mountains which firmly rejects the hypothesis is Stanfield, which is somewhat 

segregated from the other regional hubs by geography. 

The possible stationarity of Rocky Mountains gas production makes sense given 

market dynamics over the sample period. An absence of pipeline capacity has 

characterized the region, keeping prices artificially low. As outbound pipelines operated 

at total capacity, increases in national demand due to hurricanes or cold weather in the 

Northeast would have little impact on the Rockies market. Accordingly, the only 
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significant contributors to price changes in the region are short-lived weather shocks and 

dramatic shocks due to maintenance of the outbound pipelines. During pipeline outages, 

it is not uncommon for prices in the region to drop below $l/mmbtu. However, since 

both types of shocks are extremely short-lived, the prices typically return to their normal 

range quickly. The completion of the “Rockies Express” (“REX”) pipeline in 2009, a 

1679 mile pipeline from Colorado to Ohio being built by Kinder Morgan, 

ConocoPhillips, and Sempra Energy, will likely more fully integrate the Rocky 

Mountains with the rest of the country and increase the volatility of natural gas prices 

within the region. A subsequent study concerning the impact of REX post-completion 

would be of interest. The remaining hubs accept the null hypothesis of the presence of a 

unit root at the 95% confidence level. These results are generally robust to selection of 

lag lengths based on the Schwarz Information Criterion, particularly in Louisiana, East 

Texas, and Malin, Oregon. 

The Augmented Dickey-Fuller statistics of the price series in first differences are 

presented in Table 3. The lag lengths selected are identical to those used in each series as 

detailed in Table 2. For the 11 representative hubs in the sample, F-tests of the restriction 

that the intercept and y (the unit root term) are jointly zero are conducted. These results 

are presented in Table 4 which advocates either the inclusion or the exclusion of the drift 

term in each of the series and presents subsequent information about the stationarity 

properties of the series if the drift term is excluded from the ADF test. The results 

indicate that most price series are not characterized by deterministic drift at the 5% 

confidence level. 
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Table 5 presents the results of the KPSS tests for the presence of a unit root. As 

mentioned earlier, the null hypothesis with the KPSS test is that the data series is trend or 

level stationary, rather than the assumption for ADF tests in which the null hypothesis is 

that of a unit root. In empirical applications, both types of tests are usually conducted to 

support the findings of non-stationarity. The results presented exclude a deterministic 

trend term and that lag lengths are based on minimum levels of the Akaike Information 

Criterion. The results corroborate the findings of the ADF tests: all of the data series 

considered are nonstationary at the 99% confidence level. 

The results of Tables 2,4 and 5 indicate that the time series are non stationary 

regardless of the inclusion of a drift parameter in the time series, except for locations in 

the Rocky Mountains. The results of Table 3 clearly indicate that the first differences of 

logged price data are stationary. Accordingly, we may conclude that the vast majority of 

the Gas Daily series are integrated series of order 1, or 1(1). We therefore proceed with 

the estimation of cointegration tests to assess the extent of market integration. 

Intra-Regional Market Integration 

We begin our analysis of natural gas market integration by considering regional 

markets for natural gas. Of the eleven markets/regions specified in our partition, seven 

have multiple hubs associated with them. These are the Permian Basin, East Texas / 

North Louisiana, East Texas / Houston, South Texas / Corpus Christi, Louisiana Onshore 

/ South Louisiana, Oklahoma, and the Rocky Mountains. All of these regions are major 

regions of gas production. The Gulf Coast regions are also major locations of natural gas 

storage in the form of salt domes and are heavily integrated with an extensive network of 
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Table 5: KPSS Tests for the Presence of a Unit Root: 

Permian 
East Texas - North 

Louisiana South-Corpus Christi Lousiana-Onshore South 

El Paso - Permian 1.190 8 Carthage Hub 1.370 7 NGPL, STX 1.250 8 Henry Hub 1.620 6 

Waha 1.160 8 
Texas Eastern, 
ETX 1.400 7 Agua Dulce Hub 1.240 8 ANR, La. 1.540 6 

Transwestem, 
Permian Basin 1.490 8 

Texas Gas, 
zone 1 1.550 6 Tennessee, zone 0 1.390 7 Columbia Gulf, La. 1.610 6 

New Mexico - San Juan 
NGPL, Texok 
zone 1.240 8 Transco, zone 1 1.250 8 

Columbia Gulf, 
mainline 1.630 6 

El Paso, San Juan 
Basin 1.240 7 Rockies Oklahoma Florida Gas, zone 1 1.450 7 

Northwest 
Kern River, 
Opal plant 1.570 8 

Panhandle, Tx.- 
Okla. 1.310 7 Florida Gas, zone 2 1.460 7 

PG&E, Malin 1.320 7 
CIG, Rocky 
Mountains 1.540 8 ANR, Okla. 1.170 8 Florida Gas, zone 3 1.410 7 

Southwest Stanfield, Ore. 1.320 7 CenterPoint, East 1.360 7 NGPL, La. 1.380 7 

SoCal Gas 1.160 8 
Questar, Rocky 
Mountains 1.460 9 NGPL, Midcontinent 1.170 8 

Southern Natural 
(SONAT), La. 1.390 7 

East-Houston-Katy Cheyenne Hub 1.310 9 Oneok, Okla. 1.170 8 
Tennessee, La., 500 
Leg 1.340 7 

Houston Ship 
Channel 1.240 8 

Northwest, 
Wyo. Pool 1.530 8 Northeast 

Tennessee, La., 800 
leg 1.580 6 

Katy 1.390 7 
Northwest, s of 
Green River 1.470 8 

Transco, zone 6 
non-NY 0.770 13 Texas Eastern, WLA 1.380 7 

With 782 observations, critical values of rejecting the null hypothesis of a unit root are: Texas Eastern, ELA 1.380 7 

1%: 0.739 Texas Gas, zone SL 1.550 6 

5%: 0.46 Transco, zone 2 1.580 6 

10%: 0.347 Transco, zone 3 1.590 6 

Trunkline, WLA 1.380 7 

First column indicates KPSS statistic. Second column is number of lags. Trunkline, ELA 1.550 6 

pipeline capacity. We seek to assess the extent of the integration of each of these regional 

marketplaces. 

As all of the logarithmic data series are integrated of order 1 and arbitrage pricing 

theory suggests that each of the market prices should “move together” to eliminate 

arbitrage opportunities, we consider a VECM model of the form: 

N 

(3) AP, =x0+ nPt_x + ^ 7r,AP,_; + MD + e, 
i=1 

st ~ wn{0, £) 
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where P is a vector of prices with a 

dimension equal to the number of hubs 

in the region, N is the number of lags 

chosen by specification testing on the 

underlying vector autoregression model, 

and MD are monthly dummy variables. 

The intercept term 7io is restricted to 

zero when drift terms in the data 

generating process are found to be 

unnecessary (as presented in Table 4). 

Following on the work of Jorgensen 

(1995), we note that the limiting 

distributions of the X,r and Xmax statistics are unaltered when dummy variables are 

seasonably centered. In the case of monthly dummy variables, this implies that the 

traditional values of 0 and 1 are replaced by (0 - 1/11) and (1 - 1/11). In this manner, the 

existing critical values of the trace and maximum statistics are unaltered and the 

cointegrating rank of a vector error correction model can be correctly determined. 

In the trading of natural gas, prices are frequently quoted as “basis”, or as a spread 

relative to the standard NYMEX Henry Hub futures contract. These basis measurements 

are highly related to the costs in fuel for attaining pipeline capacity to flow gas to 

different locations. Accordingly, there are undoubtedly restrictions in markets due to 

transportation costs which will preclude all prices from reaching a point of complete 

equivalence. Economic theory therefore highly motivates the inclusion of an intercept in 

Table 6: East-Houston-Katy VECM Summary Results 
Rank Selection 

Trace 
Rank Statistic Critical Value 

0 309.505 19.96 
1 7.1317 9.42 

Coef. Std. Err. z P-val 
Cointegrating Vector 
InHSC 1.000 
InKaty -1.000 0.002 -460.450 0.000 
a -0.002 0.004 -0.470 0.639 
Test of all p = 0 X2 P-va! 

CE1 212014.600 0.000 
Speed of Adjustment Terms 
InHSC -1.287 0.218 -5.880 0.002 
InKaty -0.714 0.219 -3.260 0.001 
Test of all a=0 X2 P-val 

InHSC 34.629 0.000 
InKaty 10.622 0.001 

Cointegrating Vector (no intercept) 
InHSC 1.000 
InKaty -1.001 0.000 -3948.610 0.000 
Test of all p s 0 

CE1 
X2 

1.56e+07 
P-val 
0.000 

Speed of Adjustment Terms (no intercept) 
InHSC -1.269 0.218 -5.81 0 
InKaty -0.697 
1 lags chosen by SIC 

0.219 -3.18 0.001 
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Table 7: Permian Basin VECM Summary Results 
Rank Selection 

Trace 
Rank Statistic Critical Value 

0 182.448 34.91 
1 72.976 19.96 
2 9.1394 9.42 

Cointegrating Vector 
Coef. Std. Err. z P-val 

CE1 
InWaha 1.000 - - - 

InTranswestPrm 0.000 - - - 
InEIPasoPerm -0.993 0.005 -166.510 0.000 
_con$ 0.028 0.011 -2.450 0.014 
CE2 
InWaha 0.000 - - - 
InTranswestPerm 1.000 - - - 

InEIPasoPerm -0.998 0.015 -68.220 0.000 
_cons 0.011 0.028 0.390 0.693 
Test of all p = 0 X2 P-val 

CE1 27725.160 0.000 
CE2 4653.338 0.000 

Speed of Adjustment Terms 
InTranswestPrm 
CE1 0.308 0.143 2.160 0.031 
CE2 -0.094 0.076 -1.230 0.218 
InWaha 
CE1 0.049 0.145 0.340 0.733 
CE2 0.112 0.077 1.460 0.146 
InEIPasoPerm 
CE1 0.351 0.148 2.370 0.018 
CE2 0.111 0.079 1.400 0.162 
Test of all a=0 X2 P-val 
InTranswest 5.118 0.077 
InWaha 2.702 0.259 
InEIPasoPerm 10.145 0.006 
2 lags chosen by SIC 

the cointegrating vectors which will 

appropriately scale the long term 

equilibrium regional prices by a fixed 

amount. Therefore, n includes 

parameters corresponding to the M 

number of hubs in the region plus an 

added intercept term. 

In our analysis, we select the 

number of lags to include in the 

VECM and the rank of the 

cointegrating matrix by the Schwartz 

Information Criterion (SIC). A lag 

length corresponding to the minimum 

level of the SIC for the underlying 

VAR model is selected. Johansen’s 

trace statistics are then computed and reported with this lag selection and used as a 

starting point for the estimate of the rank in the VECM model. We then test the VECM 

model with differing levels of lag lengths and possible cointegrating ranks and select the 

model with the most appropriate SIC statistical measure. We report the results of 

Johansen’s statistics and the number of lags included in each model. 

Application of a vector error correction model requires that the rank of n be 

greater than zero but less than of full rank. In the first case, the rank of zero implies the 

absence of a cointegrating relationship. In the latter case, a full rank matrix suggests that 
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the component time series are stationary. In such a case, a pure vector autoregression in 

levels might be a more appropriate specification. In the current study, if the Johnansen 

procedure for determining the cointegrating rank of a VECM suggests it, we estimate the 

corresponding VAR for purposes of evaluating Granger causality. In the subsequent 

estimates, only the summary of the cointegrating relationships and error correction terms 

is presented. Full details of the regressions with all lagged variables included are 

available, but are excluded in the body for purposes of brevity. 

Table 6 presents the estimates of the cointegrating relationship for the East Texas 

/ Houston-Katy region. The trace statistic, Xtr, indicates that the null hypothesis of 1 

cointegrating vector cannot be rejected in favor of more than one cointegrating vector. 

Hence, % is of rank M-l equations, implying that the markets in Houston-Katy are fully 

integrated. This is not a surprising result as the two hubs are located little more than 30 

miles from each other and an immense amount of infrastructure exists in the region. 

Indeed, the estimates of the cointegrating vector imply that the pure difference between 

the two is stationary around zero. Or, in more normal language, Houston Ship Channel 

and Katy are virtually identical in price over the sample period. Neither Houston Ship 

Channel nor Katy is weakly exogenous in the system. This is characteristic of a system 

which is jointly determined. Both hypotheses that adjustment parameters and 

cointegrating parameters are equivalent to zero are soundly rejected as indicated by the 

extreme significance of the % statistics. 

Table 7 presents the results of VECM estimation of the hubs in the Permian 

Basin. Trace statistics reveal that the region is cointegrated and the rank of the 

cointegrating matrix is 2. This implication is similar to the results of East Texas / 
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Table 8: East Texas / North Louisiana VECM Summary Results 
Rank Selection Speed of Adjustment Terms 

Trace Critical 
Rank Statistic Value InCarthage Coef. Std. Err. z P-val 

0 323.695 53.12 CE1 -0.180 0.096 -1.870 0.062 
1 163.622 34.91 CE2 0.142 0.056 2.530 0.011 
2 49.7985 19.96 CE3 -0.027 0.037 -0.73 0.465 
3 6.4598 9.42 InTxEastETX 

Cointegrating Vector CE1 0.142 0.103 1.380 0.169 
Coef. Std. Err. z P-val CE2 -0.177 0.060 -2.950 0.003 

CE1 CE3 -0.026 0.039 -0.670 0.504 
InCarthage 1.000 - - - InTXGasZnl 
InTxEastETX 0.000 - - - CE1 -0.111 0.095 -1.170 0.243 
InTXGasZnl 0.000 - - - CE2 0.160 0.056 2.870 0.004 
InNGPLTexOk -0.984 0.009 -111.090 0.000 CE3 -0.124 0.037 -3.360 0.001 
_cons -0.038 0.018 -2.160 0.031 InNGPLTexOk 
CE2 CE1 0.090 0.096 0.940 0.347 
InCarthage 0.000 - - - CE2 0.116 0.056 2.080 0.038 
InTxEastETX 1.000 - - - CE3 0.005 0.037 0.130 0.896 
InTXGasZnl 0.000 - - - Test of all a=0 X2 P-val 
InNGPLTexOk -0.990 0.012 -84.000 0.000 InCarthage 7.525 0.057 
_cons -0.017 0.023 -0.740 0.461 InTxEastETX 10.538 0.015 
CE3 InTXGasZnl 16.598 0.001 
InCarthage 0.000 - - - InNGPLTexOk 7.523 0.057 
InTxEastETX 0.000 - - - Test of all p = 0 X2 P-val 
InTXGasZnl 1.000 CE1 12340.540 0.000 
InNGPLTexOk -1.082 0.029 -37.460 0.000 CE2 7056.737 0.000 
_cons 0.097 0.057 1.700 0.090 CE3 1402.959 0.000 
1 lag chosen by SIC 

Houston-Katy: the regional markets seem to be highly integrated. The strength of this 

relationship can be found by examination of the cointegrating vectors in Table 7. As in 

East Texas, the price relationships are characterized by near identity. For example, in the 

first error correcting term, the difference between the logged price of Waha and the 

logged price of El Paso - Permian will converge to a small fixed percentage. Tests on P 

strongly reject the hypothesis of the absence of a long-term relationship on both 

cointegrating vectors. 

Tests on the elements of the short-run adjustment matrix a are more interesting. 

The test on the hypothesis that the adjustment parameters for Waha are equal to zero 

cannot be rejected. However, tests on similar hypotheses for Transwestem and El Paso- 

Permian are rejected at the 10% level. The interpretation of this is that Transwestem and 

El Paso-Permian may react to the difference between these pricing points and Waha, but 

the reverse may not be true. As such, the gas marketer considering assigning a 
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Table 9: South Texas / Corpus Christi VECM Summary Results 
Rank Selection Speed of Adjustment Terms 

Trace Critical 

Rank Statistic Value InAguaDulce Coef. Std. Err. z P-val 
0 763.727 53.12 CE1 -1.193 0.215 -5.540 0.000 
1 405.496 34.91 CE2 0.585 0.190 3.080 0.002 
2 148.537 19.96 CE3 0.192 0.117 1.64 0.101 
3 5.4903 9.42 InTennZoneO 

Cointegrating Vector CE1 -0.450 0.211 -2.130 0.033 
Coef. Std. Err. z P-val CE2 -0.041 0.186 -0.220 0.825 

CE1 CE3 0.129 0.115 1.120 0.262 
InAguaDulce 1.000 - - - InTranscoZnl 
InTennZoneO 0.000 - - CE1 -0.487 0.213 -2.280 0.022 
InTranscoZnl 0.000 - - - CE2 0.528 0.188 2.810 0.005 
InNGPLSTX -0.994 0.005 -186.680 0.000 CE3 -0.424 0.116 -3.650 0.000 
cons -0.023 0.011 -2.200 0.028 InNGPLSTX 

CE2 CE1 -0.523 0.206 -2.540 0.011 
InAguaDulce 0.000 - - - CE2 0.407 0.181 2.250 0.025 
InTennZoneO 1.000 - - CE3 0.076 0.112 0.680 0.499 
InTranscoZnl 0.000 - - « Test of all a=0 X2 P-val 
InNGPLSTX -1.001 0.006 -170.290 0.000 InAguaDulce 35.436 0.000 
_cons -0.008 0.012 -0.650 0.518 InTennZoneO 13.437 0.004 
CE3 InTranscoZnl 34.439 0.000 
InAguaDulce 0.000 - - - InNGPLSTX 6.823 0.076 
InTennZoneO 0.000 - - - Test of all p = 0 X2 P-val 
InTranscoZnl 1.000 CE1 34848.800 0.000 
InNGPLSTX -0.990 0.007 -146.180 0.000 CE2 28997.900 0.000 
_cons -0.027 0.014 -2.030 0.042 CE3 21369.030 0.000 
1 lag chosen by SIC 

‘representative hub’ for the Permian Basin region might strongly consider Waha. The 

long-term cointegrating relationships imply that prices in the region will converge to 

levels very near each other, but corrections to short-run deviations from this equilibrium 

are more likely to occur at Transwestem and El Paso-Permian than at Waha. 

Table 8 presents the results of the VECM estimation for the East Texas / North 

Louisiana region. The cointegrating rank is determined by the trace statistics to be 3. This 

is also the value which minimizes the SIC statistic for the region. The rank of 3 implies 

very strong market integration within the region. As in the Permian Basin, tests on P 

strongly reject the hypothesis of the absence of a long-term relationship on all three of the 

cointegrating vectors. Examination of the adjustment parameters a reveal that Texas 

Eastern ETX and Texas Gas Zone 1 adjust to the error correcting term at the 95% 

confidence level. Carthage and NGPL TexOk have % statistics which are very near the 

threshold for rejection of the null hypothesis of no adjustment to the deviations from 
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Table 10: Oklahoma VECM Summary Results 
Rank Selection Speed of Adjustment Terms 

Trace Critical 
Rank Statistic Value InOneOk Coef. Std. Err. z P-val 

0 994.12 76.07 CE1 -0.395 0.110 -3.580 0.000 
1 654.84 53.12 CE2 0.331 0.082 4.050 0.000 
2 340.11 34.91 CE3 -0.245 2.070 -1.180 0.238 
3 138.91 19.96 CE4 0.759 0.185 4.100 0.000 
4 7.44 9.42 InCenterpointE 

Cointegrating Vector CE1 0.282 0.106 2.650 0.008 
Coef. Std. Err. z P-val CE2 -0.066 0.079 -0.840 0.401 

CE1 CE3 -0.234 0.200 -1.170 0.242 
InOneOk 1.000 - - - CE4 0.586 0.178 3.290 0.001 
InCenterpointE 0.000 - - - InNGPLMidcon 
InNGPLMidcon 0.000 - « - CE1 0.310 0.113 2.730 0.006 
InANROK 0.000 - - - CE2 0.290 0.084 3.450 0.001 
InPanhandleTxOk -0.993 0.004 -228.370 0.000 CE3 -0.940 0.213 -4.410 0.000 
cons -0.021 0.008 -2.470 0.013 CE4 0.831 0.190 4.370 0.000 

CE2 InANROK 
InOneOk 0.000 - - - CE1 0.323 0.111 2.900 0.004 
InCenterpointE 1.000 - - - CE2 0.242 0.082 2.930 0.003 
InNGPLMidcon 0.000 - - - CE3 -0.264 0.209 -1.260 0.207 
InANROK 0.000 - - - CE4 0.262 0.187 1.400 0.160 
InPanhandleTxOk -0.994 0.009 -114.370 0.000 InPanhandleTxOk 
_cons -0.028 0.017 -1.690 0.091 CE1 0.285 0.112 2.540 0.011 
CE3 CE2 0.252 0.083 3.030 0.002 
InOneOk 0.000 - - - CE3 -0.312 0.211 -1.480 0.139 
InCenterpointE 0.000 - - - CE4 0.748 0.189 3.960 0.000 
InNGPLMidcon 1.000 - - - Test of all a=0 X2 P-val 
InANROK 0.000 - - - InOneOk 39.085 0.000 
InPanhandleTxOk -0.998 0.003 -363.960 0.000 InCenterpointE 22.722 0.000 
cons -0.006 0.005 -1.180 0.238 InNGPLMidcon 52.540 0.000 

CE4 InANROK 27.900 0.000 
InOneOk 0.000 - - - InPanhandleTxOk 47.281 0.000 
InCenterpointE 0.000 - - - Test of all p = 0 X2 P-val 
InNGPLMidcon 0.000 - « - CE1 52153.000 0.000 
InANROK 1.000 - - - CE2 13080.000 0.000 
InPanhandleTxOk -0.999 0.003 -305.490 0.000 CE3 132470.000 0.000 
_cons -0.008 0.006 -1.300 0.194 CE4 93323.000 0.000 
1 lag chosen by SIC 

quilibrium. Furthermore, no variable is weakly exogenous. Accordingly, we conclude 

that hubs in East Texas / Northern Louisiana are a highly integrated market in which 

prices adjust to each other dynamically. 

Table 9 presents the results of the South Texas / Corpus Christi region. The 

results again indicate a region characterized by extremely strong integration. The prices 

of each of the hubs are highly similar to each other as indicated by the magnitude of the 

cointegrating vectors. Tests of the hypothesis of no relationship in the cointegrating 

vectors are firmly rejected. Furthermore, three of the four hubs in question reject the null 
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Table 11: Rocky Mountain VECM Summary Results 
Rank Selection Speed of Adjustment Terms 

Trace Critical 
Rank Statistic Value InCIG Coef. Std. Err. z P-val 

0 784.68 76.07 CE1 -2.097 0.270 -7.770 0.000 
1 535.66 53.12 CE2 -0.030 0.014 -2.100 0.035 
2 362.06 76.07 CE3 0.130 0.115 1.140 0.256 
3 195.22 53.12 CE4 0.337 0.092 3.670 0.000 
4 91.21 34.91 CE5 0.145 0.143 1.010 0.313 
5 19.66 19.96 InStanfield 
6 3.74 9.42 CE1 0.012 0.056 0.210 0.834 

Cointegrating Vector CE2 0.000 0.003 -0.050 0.962 
Coef. Std. Err. z P-val CE3 -0.006 0.024 -0.260 0.793 

CE1 CE4 -0.003 0.019 -0.180 0.860 
InCIG 1.000 - - - CE5 0.010 0.030 0.340 0.732 
InStanfield 0.000 - - - InQuestar 
InQuestar 0.000 - - - CE1 -0.921 0.232 -3.970 0.000 
InCheyenne 0.000 - - - CE2 0.033 0.012 2.730 0.006 
InNWWyPool 0.000 - - - CE3 -0.386 0.098 -3.920 0.000 
InNWGrnRiver -1.150 0.062 -18.430 0.000 CE4 0.251 0.079 3.180 0.001 
InKern 0.119 0.062 1.910 0.056 CE5 -0.125 0.123 -1.010 0.311 
_cons 0.043 0.014 3.170 0.002 InCheyenne 
CE2 CE1 -1.770 0.271 -6.520 0.000 
InCIG 0.000 - - - CE2 -0.057 0.014 -4.050 0.000 
InStanfield 1.000 - - - CE3 0.061 0.115 0.530 0.597 
InQuestar 0.000 - - - CE4 -0.114 0.092 -1.240 0.215 
InCheyenne 0.000 - - - CE5 0.111 0.144 0.770 0.441 
InNWWyPool 0.000 - - - InNWWyPool 
InNWGrnRiver 20.100 1.963 10.240 0.000 CE1 -1.378 0.276 -5.000 0.000 
InKern -20.587 1.957 -10.520 0.000 CE2 -0.023 0.014 -1.580 0.115 
cons -0.814 0.428 -1.900 0.057 CE3 0.121 0.117 1.040 0.299 

CE3 CE4 0.212 0.094 2.260 0.024 
InCIG 0.000 - - - CE5 -0.466 0.146 -3.190 0.001 
InStanfield 0.000 - - - InNWGrnRiver 
InQuestar 1.000 - - - CE1 -0.718 0.229 -3.140 0.002 
InCheyenne 0.000 - - - CE2 -0.005 0.012 -0.450 0.652 
InNWWyPool 0.000 - - - CE3 0.057 0.097 0.590 0.556 
InNWGrnRiver 1.466 0.185 7.930 0.000 CE4 0.273 0.078 3.510 0.000 
InKern -2.469 0.184 -13.380 0.000 CE5 0.071 0.122 0.580 0.560 
cons 0.061 0.040 1.510 0.132 InKern 

CE4 CE1 -1.023 0.240 -4.270 0.000 
InCIG 0.000 - - - CE2 0.004 0.013 0.320 0.750 
InStanfield 0.000 - - - CE3 0.122 0.102 1.200 0.230 
InQuestar 0.000 - - - CE4 0.208 0.081 2.550 0.011 
InCheyenne 1.000 - - - CE5 0.181 0.127 1.420 0.156 
InNWWyPool 0.000 - - - Test of all a=0 X2 P-val 
InNWGrnRiver -2.991 0.178 -16.820 0.000 InCIG 65.045 0.000 
InKern 2.003 0.177 11.300 0.000 InStanfield 1.057 0.957 
_cons -0.115 0.039 -2.970 0.003 InQuestar 49.620 0.000 
CE5 InCheyenne 78.724 0.000 
InCIG 0.000 - - - InNWWyPool 65.067 0.000 
InStanfield 0.000 - - - InNWGrnRiver 16.906 0.004 
InQuestar 0.000 - - - InKern 35.864 0.000 
InCheyenne 0.000 - - - Test of all p = 0 X2 P-val 
InNWWyPool 1.000 - - - CE1 17641.520 0.000 
InNWGrnRiver -0.615 0.096 -6.400 0.000 CE2 113.045 0.000 
InKern -0.400 0.096 -4.180 0.000 CE3 2027.652 0.000 

cons 0.022 0.021 1.060 0.291 CE4 2158.297 0.000 
3 lags chosen by SIC CE5 7184.651 0.000 

ypothesis of no adjustment to deviations from equilibrium. The fourth, NGPL South 

Texas, has a p-value of .076, which is significant at the 90% confidence level. No hubs 
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Source: Energy Information Administration, Office of Oil and Gas, Natural Gas Division, GasTran Gas Transportation Information System. 

are weakly exogenous in the estimated model. We conclude that South Texas natural gas 

markets are highly integrated and are characterized by a strong relationship between price 

movements. 

Table 10 presents the results of the VECM for Oklahoma. The Johansen trace 

statistics indicate that the market of five hubs has a cointegrating rank of four. This is 

consistent with our expectation that Oklahoma is heavily integrated. The estimates of the 

cointegrating vectors imply that prices in the regions in the long term remain near each 

other. Tests of the exogeneity of adjustments based on restriction tests of the a vector are 

firmly rejected for all five of the hubs in the region. Tests that the coefficients in the 

cointegrating vectors are all zero are also firmly rejected. We therefore conclude that 

Oklahoma natural gas markets are a highly integrated network in which prices respond to 

each other and move together. 
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Table 12: Louisiana Onshore VECM Summary Results 
Rank Selection Speed of Adjustment Terms 

Trace Critical 
Rank Statistic Value Test of all a=0 X2 P-val Test of P = X2 P-val 

0 1536.73 291.40 InANRLa 39.919 0.000 CE1 17635.830 0.000 
1 1233.02 244.15 InColGulfLa 19.542 0.034 CE2 8065.833 0.000 
2 979.21 202.92 InColGulfMainline 22.239 0.014 CE3 6983.897 0.000 
3 755.95 165.58 InHenryHub 36.202 0.000 CE4 9908.218 0.000 
4 566.22 131.70 InSonat 42.061 0.000 CE5 8213.908 0.000 
5 393.78 102.14 lnTennLa800 27.762 0.002 CE6 16949.01 0.000 
6 268.07 76.07 InTxEastWLa 30.259 0.001 CE7 14404.94 0.000 
7 172.64 53.12 InTxEastELa 33.902 0.000 CE8 15284.64 0.000 
8 94.56 34.91 lnTCZn2 45.750 0.000 CE9 10125.56 0.000 
9 41.19 19.96 lnFIGasZn3 39.238 0.000 CE10 903.349 0.000 

10 3.50 9.42 lnTCZn3 31.459 0.000 
2 lags chosen by SIC 

Table 11 presents the results for the VECM for the Rocky Mountain regions. 

Johansen trace statistics for the 7 locations indicate that the system is cointegrated with 

rank 5. In contrast to previously estimated regions, the cointegrating rank of the Rocky 

Mountains is less than N-l. This implies incomplete market integration at the 5% 

• • * 

confidence level. An examination of the % statistics for the coefficient of a on Stanfield, 

Oregon reveals that the speed of adjustment parameter for this hub is not significantly 

different from zero. Furthermore, in the regression of AlnStanfield in the error correcting 

model, all coefficients are not significant. Thus, Stanfield is weakly exogenous to the 

system. This finding is highly plausible given the geographic separation of the Stanfield 

hub from the other market hubs in the system. The six other hubs in the sample are 

confined within Wyoming and Colorado. While they are connected by a nominal amount 

of pipeline capacity via the Northwest Pipeline, Stanfield also sits astride major pipeline 

capacity along the corridor from Western Canada to Southern California. Thus, it is 

unsurprising that the hub may not respond fully to movements in price in the Rocky 

Mountain region as price movements in Southern California and Western Canada are 

likely to play a heavy role in determining price at Stanfield. See figure 3 and note the 
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disparity in pipeline capacity at the Oregon market hubs between Wyoming/Colorado and 

Western Canada. 

Table 12 presents abbreviated results for the VECM estimates of the Louisiana- 

Onshore region. For computational simplicity, the five hubs with the lowest average daily 

volume over the sample period are excluded from the system. These hubs are Florida Gas 

Zn2, NGPL Louisiana, Texas Gas Zn SL, Trunkline W La, and Trunkline E La. This 

leaves the 11 hubs depicted in Table 12. The hubs in the sample are strongly integrated. 

The Johansen trace statistic suggest the cointegrating rank of the system is 10, which is 

one less than the total number of equations estimated in the model. This result is 

consistent with a very high degree of market interconnectedness. Given the extreme 

geographical proximity of all of the hubs in the sample and the massive amount of 

transportation and storage infrastructure which exists along the Louisiana Gulf Coast, 

these results are unsurprising. 

Intra-Regional Market Integration: Conclusions 

Using the Johansen (1988) methodology, we have estimated a series of 7 separate 

regional error correction models for North American natural gas prices. The results of the 

vector error-correction models, presented in Tables 6 through 12, are very clear. Without 

exception, the regional markets for natural gas are strongly integrated and interrelated. In 

6 of the 7 regions considered, the cointegrating rank of the system is one less than the 

number of hubs present. This is the strongest possible result possible in a cointegrated 

system and implies a very strong amount of market integration within the geographic 

regions. In the seventh region, the Rocky Mountains, the cointegrating rank of the 
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estimated system is 5, 2 less than the 7 hubs present in the region. The implication is that 

prices movements in the market are still strongly interrelated to each other. 

Tests of restrictions on the speed of adjustment parameters are presented on each 

of the systems. We find that only 2 of the hubs cannot reject the restricted hypothesis that 

a market hub does not respond to a deviation from the long-run equilibrium term. We are 

unable to reject the hypotheses that Waha hub in the Permian Basin and Stanfield, 

Oregon in the Rocky Mountains do not respond to the error correction terms for their 

respective regional systems. 

We conclude that regional gas markets are heavily integrated. Regional gas 

markets are characterized by long-term relationships and equilibria towards which prices 

move in the short-term. Within many regions, such as East-Houston-Katy, prices 

movements at hubs were found to move nearly identical to those of other hubs in the 

region. Therefore, there may be considerable empirical motivation for the allocation of 

‘valuation pools’ to characterize the behavior of a regional gas market by a single, high 

volume trade hub in the long run. However, caution must be taken. Examination of the a 

parameters imply that different hubs within the region eliminate deviations from 

equilibrium at different rates. In the short run, therefore, deviations from equilibrium may 

persist in a significant manner. The appropriateness of the usual hedge-ratio computations 

used in the quantitative finance literature may be inappropriate when a is small in 

magnitude as it fails to explicitly account for the time required to eliminate the impact of 

the error correcting term, though this subject is left as a possible topic for further 

research. 

Inter-Regional Market Integration 
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Given that our analysis finds an immense amount of market integration within 

regional gas markets, we now consider the issue of inter-regional market integration. 

More specifically, we previously considered the extent to which prices moved together in 

regions such as the Permian Basin. We now explore the nature of the relationship 

between prices in North America, such as between the Permian Basin and the delivery 

point of Transco Zone 6 in New England. If strong evidence of integration is found, this 

can be taken as evidence of success of the regulatory innovations introduced by the 

FERC and other government bodies to improve competition and create a national natural 

gas market. Furthermore, this may have significant implications for gas marketing firms. 

If markets are integrated, then one might expect rapid elimination of arbitrage 

opportunities. If certain markets are found to be causal or exogenous in the system, then 

the gas marketing firm may have a more complete understanding of the implications of 

price shocks elsewhere in the country. In essence, determining the extent to which the 

national gas market is fully integrated is of critical importance to trading firms as it may 

suggest regions which are particularly sensitive (or insensitive) to large movements in 

other locations. 

As the time series were found to be non-stationary in the preceding section, we 

again employ the vector error correction model. The representative hubs used as proxy 

prices for each region are presented in Table 1 and were chosen based on their high trade 

volume over the time sample. Seasonally centered dummy variables are employed to 

capture the seasonality of the natural gas markets. The system is thus represented by 

equation 3 from the preceding section: 

L 

(2) Ay, = a0 + yyt_x + Ay,_, + / + mar + ap + may + jun + jul + au + s + o + n + d + sl 
<=i 
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Table 13: Schwartz Criteria for Inter-Regional VECM 
Seasonally Centered Dummy Variables 

Lag 
Rank 1 2 3 4 5 

1 -46.952 -46.515 -45.927 -45.482 -44.810 
2 -47.070 -46.597 -45.967 -45.494 -44.794 
3 -47.179 -46.681 -46.014 -45.495 -44.782 
4 -47.268 -46.761 -46.060 -45.493 -44.759 
5 -47.348 -46.835 -46.107 -45.494 -44.748 
6 -47.424 -46.903 -46.141 -45.494 -44.750 
7 -47.489 -46.947 -46.172 -45.506 -44.743 
8 -47.546 -46.985 -46.195 -45.509 -44.742 
9 -47.580 -47.008 -46.202 -45.506 -44.736 

10 -47.596 -47.009 -46.199 -45.500 -44.722 
AIC minimum obtained at rank 10, 2 lags 

Constant Restricted to Cointegrating Vector 
Rank 1 2 3 4 5 6 

1 -47.977 -47.547 -46.962 -46.494 -45.784 -45.136 
2 -48.051 -47.594 -46.966 -46.462 -45.731 -45.095 
3 -48.087 -47.630 -46.970 -46.424 -45.688 -45.041 
4 -48.133 -47.661 -46.954 -46.380 -45.630 -44.989 
5 -48.486 -47.679 -46.942 -46.345 -45.578 -44.929 
6 -48.212 -47.681 -46.931 -46.311 -45.534 -44.881 
7 -48.224 -47.686 -46.920 -46.280 -45.502 -44.848 
8 -48.230 -47.674 -46.894 -46.243 -45.463 -44.808 
9 -48.232 -47.660 -46.872 -46.213 -45.432 -44.775 

10 -48.226 -47.649 -46.859 -46.196 -45.409 -44.752 
AIC minimum obtained at rank 10, 6 lags 

The optimal number of lag 

lengths N chosen is based 

on the minimum value 

obtained by the Schwarz 

Information Criterion. For 

purposes of robustness, we 

also estimate models with 

intercept terms present only 

in the cointegrating vectors 

and note the similarity (or 

dissimilarity) of the 

implications. 

For both models, the Schwarz Information Criterion selects a model with 1 lag 

included in the model. The full statistics are presented in Table 12. The Akaike 

Information Criterion proposes a lag selection of 2 in the model with seasonally centered 

dummy variables and a lag selection of 6 in the model with the constant limited to the 

cointegrating vectors. In both of the models chosen based on the AIC, the loss functions 

are minimized when allowing the rank of the cointegrating matrix to be of full rank 

minus one, the maximum allowed under the assumptions of the cointegrated model. This 

holds true in the seasonally centered dummy variable model selected by the SIC, while 

the SIC selects a rank of 9 rather than the maximum possible of 10 in the model with 

restrictions placed on the constants. Thus, both models and the selection criteria 
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Table 14: Johansen Trace Statistics for Inter-Regional VECM 
Seasonally Centered Dummy Variables 

1 Lag (SBIC) 2 Lags (AIC) 
Max Rank Trace Stat. 5% Crit. Val. Max Rank Trace Stat. 5% Crit. Val. 

0 1454.27 277.71 0 1261.20 277.71 
1 1165.78 233.13 1 1047.21 233.13 
2 947.12 192.89 2 856.57 192.89 
3 748.97 156.00 3 677.88 156.00 
4 579.64 124.24 4 515.62 124.24 
5 430.01 94.15 5 371.14 94.15 
6 297.43 68.20 6 245.25 68.52 
7 186.96 47.21 7 150.81 47.21 
8 95.38 29.68 8 74.89 29.68 
9 35.73 15.41 9 23.18 15.41 

10 3.40 3.76 10 2.37 3.76 
Constant Restricted to Cointegrating Vector 

0 
1 Lag (SBIC) 
1162.26 291.40 0 

6 Lags (AIC) 
537.67 291.40 

1 918.78 244.15 1 424.07 244.15 
2 727.50 202.92 2 327.45 202.92 
3 580.12 165.58 3 245.64 165.58 
4 437.46 131.70 4 178.79 131.70 
5 302.96 102.14 5 132.62 102.14 
6 202.73 76.07 6 89.83 76.07 
7 126.16 53.12 7 49.22 53.12 
8 68.41 34.91 8 26.76 34.91 
9 27.07 19.96 9 12.47 19.96 

10 4.60 9.42 10 3.72 9.42 

employed imply that 

there is a heavy 

amount of market 

integration in the 

national market for 

natural gas. 

Johansen 

trace statistics to 

determine the rank 

of the cointegrating 

matrix are tested 

based on the lag selections chosen in Table 13. These results are presented in Table 14. 

With the inclusion of seasonally centered dummy variables, models with lag length 

chosen by both the Akaike Information Criterion and the Schwarz Information Criterion 

both imply that the rank of the cointegrating matrix is 10, which is one less than full rank. 

This estimate is consistent with a fully integrated marketplace. Estimates of models with 

constants restricted only to the cointegrating matrix are presented in the lower half of 

Table 14. In these cases, the lag length chosen by the SIC indicates a cointegrating rank 

of 10 while the lag length chosen by the AIC indicates a cointegrating rank of 7. From the 

trace statistics, we conclude that the North American market for natural gas is strongly 

interconnected and that all prices will ‘move together’ in the long run. Although 

deviations from these long-run relationships might occur, they are of a fleeting nature. 

This implies that arbitrage opportunities are rapidly eliminated by gas marketers. This is 
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Table 15: Results of Cointegrating Relations in North American VECM 
Estimate of Long-Run Cointegrating Relationships in North American VECM Model 

Index CE1 CE2 CE3 CE4 CE5 CE6 CE7 CE8 CE9 CE10 
InEIPasoPerm 1 0 0 0 0 0 0 0 0 0 
InNGPLTexOk 0 1 0 0 0 0 0 0 0 0 
InHSC 0 0 1 0 0 0 0 0 0 0 
InNGPLSTX 0 0 0 1 0 0 0 0 0 0 
InPanhandleTexok 0 0 0 0 1 0 0 0 0 0 
InEIPasoSanJuan 0 0 0 0 0 1 0 0 0 0 
InKemRiver 0 0 0 0 0 0 1 0 0 0 
InMalin 0 0 0 0 0 0 0 1 0 0 
InSocal 0 0 0 0 0 0 0 0 1 0 
lnTCZN6 0 0 0 0 0 0 0 0 0 1 
InHH -0.884 -0.903 -0.882 -0.893 -0.885 -0.856 -1.257 -0.89 -0.857 -0.964 
z-val of InHH -28.13 -31.13 -28.84 -28.32 -35.62 -24.83 -5.94 -19.53 -22.23 -43.99 
Cons -0.108 -0.12 -0.185 -0.15 -0.093 -0.136 0.938 -0.131 -0.195 -0.162 
Speed Of Adjustment Parameters (P-values Below Estimates) 
InEIPasoPerm -0.059 0.110 -0.339 0.293 0.146 -0.060 0.002 0.435 -0.537 -0.027 

0.690 0.518 0.028 0.131 0.259 0.371 0.794 0.000 0.000 0.380 
InNGPLTexOk 0.319 -0.343 -0.154 0.260 0.038 -0.058 0.008 0.312 -0.393 0.096 

0.009 0.014 0.226 0.103 0.723 0.294 0.142 0.000 -0.022 0.025 
InHSC 0.243 -0.028 -0.522 0.418 0.041 -0.046 -0.001 0.256 -0.364 -0.031 

0.051 0.840 0.000 0.010 0.705 0.411 0.891 0.000 0.000 0.224 
InNGPLSTX 0.243 -0.047 -0.106 -0.049 0.033 -0.035 0.002 0.313 -0.376 -0.028 

0.047 0.739 0.408 0.763 0.757 0.523 0.723 0.000 0.000 0.257 
InPanhandleTexok 0.310 0.055 -0.268 0.210 -0.189 -0.072 0.005 0.374 -0.534 -0.035 

0.024 0.724 0.062 0.242 0.113 0.851 0.353 0.000 0.000 0.205 
InEIPasoSanJuan 0.385 -0.016 -0.370 0.360 0.080 -0.388 0.000 0.458 -0.560 -0.025 

0.017 0.931 0.028 0.088 0.569 0.000 0.957 0.000 0.000 0.447 
InKernRiver 0.128 0.454 0.003 -0.881 1.130 -0.364 -0.193 0.555 -1.058 -0.039 

0.828 0.501 0.996 0.253 0.027 0.174 0.000 0.067 0.024 0.744 
InMalin 0.265 0.024 -0.331 0.334 -0.073 -0.046 0.000 0.118 -0.333 -0.021 

0.021 0.853 0.006 0.026 0.464 0.376 0.924 0.045 0.000 0.367 
InSocal 0.330 0.067 -0.370 0.279 0.062 -0.061 0.000 0.541 -0.885 -0.027 

0.027 0.696 0.018 0.154 0.635 0.368 0.961 0.000 0.000 0.377 
lnTCZN6 0.326 -0.037 -0.217 0.304 0.127 -0.032 0.003 0.156 -0.405 -0.417 

0.096 0.870 0.288 0.234 0.455 0.721 0.715 0.122 0.009 0.000 
InHH 0.221 0.370 -0.053 0.007 0.055 -0.051 0.000 0.117 -0.238 -0.022 

0.049 0.772 0.654 0.964 0.573 0.321 0.970 0.043 0.007 0.335 

in contrast to a related analysis from Park, et al (2008) in which a similar model finds 

imperfect integration between 8 North American hubs. 

In the subsequent analysis, we select the model chosen by the AIC in the case of 

seasonally centered variables. This more general specification explicitly accounts for the 

extreme seasonality which characterizes the movements in prices of natural gas. We thus 

choose a model with 2 lags included in the data generating process and select a 

cointegrating rank of 10. 
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Table 16: Hypothesis Tests of Market Integration in North America 

Hub Speed of Adjustment 
Exclusion from 

Cointegrating Space 
a=0 p=o 

InEIPasoPerm 88.609 0.000 156.300 0.000 
InNGPLTexOk 33.241 0.000 146.100 0.000 
InHSC 37.769 0.000 155.100 0.000 
InNGPLSTX 32.202 0.000 145.300 0.000 
InPanhandleTexok 62.212 0.000 118.500 0.000 
InEIPasoSanJuan 104.618 0.000 158.400 0.000 
InKernRiver 73.822 0.000 96.210 0.000 
InMalin 29.344 0.001 147.700 0.000 
InSocal 118.630 0.000 122.300 0.000 
lnTCZN6 121.385 0.000 166.400 0.000 
InHH 19.035 0.039 85.550 0.000 
Critical Values based on Chi-squared distribution with 10 degrees of freedom 

Table 15 depicts the estimates of both the error-correction terms and of the short- 

run adjustment parameters. The top half of the table presents the cointegrating 

relationships. These terms are normalized to Henry Hub and depict the “long term” 

relationship between prices at various hubs and that of Henry Hub. A quick examination 

reveals that all 10 of the non-Henry Hub regions have a significant relationship with 

Henry Hub and that these regions long-term relationships are characterized by price 

movements in the same direction as that which occurs in Louisiana-Onshore South. 

The relationships presented in Table 15 may have significant implications to the 

natural gas marketer as they imply a certain long-run degree of price behavior between 

distant hubs and those of Henry Hub. If a spread between two locations is observed to be 

greater (less) than that implied by the long-run relationships, then a trader may wish to 

short (long) the basis relationship between these locations. Furthermore, a cursory 

examination of the speed of adjustment parameters indicates that all hubs respond to at 

least one of the error correction terms. Thus, it appears that there exists no market which 

is weakly exogenous in the error correcting system. 
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This hypothesis can be tested more formally by testing the hypothesis that for 

each hub, all of the associated parameters related to speeds of adjustment are zero. 

Furthermore, we test the hypothesis that for each hub, all of the (3 terms for error 

correction term are zero. In this context, the restrictions test the hypothesis that a hub can 

be excluded from the cointegrating space of the estimated system. Both of these tests are 

based on the statistics 

/=1 

and are distributed according to a % distribution with r degrees of freedom where the X 

and X terms are the characteristic roots of the restricted and unrestricted models, 

respectively. 

Results of these hypothesis tests are presented in Table 16. All of the results reject 

the null hypotheses at the 5% confidence level. At the 1% level, only Henry Hub could be 

presumed to not respond to differences in price levels between Henry Hub and other 

hubs. Thus, at the 1% level, there exists slight evidence that Henry Hub may indeed be 

the ‘prime-driver’ for natural gas trading in North America. Tests on restrictions of p are 

firmly rejected, implying that all of the hubs tested in the sample belong to the 

cointegrating space. 

Inter-Regional Market Integration: Conclusions 

Using the Johansen (1988) methodology, we provide estimates of the 

cointegrating relationship which binds United States natural gas prices together. We 

exploit Platts’ Gas Daily Data from 7/1/2005 to 6/30/2008 at 11 representative hubs 

which characterize the major regions of US gas production and demand. From this data, 
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we determine the strength of the cointegrated relationship in a vector-error correction 

model. Tables 12 and 13 provide estimates of the proper cointegrating rank of the system 

based on information criterion and Johansen trace statistic approaches. The results reveal 

that US natural gas prices over the period were very firmly interrelated. These results are 

interpreted as evidence of the existence of a truly national market for natural gas in which 

arbitrage pricing opportunities are rapidly eliminated due to the inter-regional movement 

of natural gas along the pipeline transportation network. Over the long-run, price 

increases in one region will have an impact in other regions and will tend to drive up 

prices across the country. 

After estimation of the complete VECM system, we conduct hypothesis tests to 

determine whether any hubs can be concerned excluded from the market. If this were so, 

then the restricted hypotheses tested in the right hand side of Table 15 would be accepted 

under the null hypothesis. We conclude that all 11 hubs in the North American sample 

are included in the cointegrating space. We furthermore conclude that no hub is weakly 

exogenous in the marketplace. That is, for each and all market hubs in the sample, we 

reject the null hypothesis that the hub will not respond to deviations from the long term 

equilibrium for all of the error correction terms. We therefore conclude that during the 

time period in question, North American gas markets are a very dynamic system in which 

no market can be characterized as a ‘dominant hub’ which is causal to other markets in 

the specification. 

Forward Markets: Assessing Market Integration in the Prompt Month 

In contrast to the results of the preceding two sections which considered daily 

spot prices, we now focus our attention on the behavior of natural gas markets in the 
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Table 17: ADF Statistics of Prompt Month Forwards 
Lags F-Test: P-Val: 

Selected ADF: Drift Drift Drift ADF: No 
by AIC Term Term=0 Term Drift Conclusion 

El Paso, Permian Basin 1 -1.753 1.66 0.1912 0.259 Non-Stationary 
NGPL, Texok Zone 1 -1.682 1.6 0.2026 0.329 Non-Stationary 
Houston Ship Channel 2 -1.659 1.52 0.219 0.351 Non-Stationary 
NGPL, STX Zone 1 -1.667 1.56 0.211 0.318 Non-Stationary 
Henry Hub 1 -1.473 1.22 0.2953 0.411 Non-Stationary 
Panhandle, TX-Okla 2 -1.803 2.98 0.0512 0.224 Non-Stationary 
El Paso, San Juan Basin 1 -1.724 1.6 0.2022 0.322 Non-Stationary 
Kern River 12 -1.914 1.86 0.1568 -0.179 Non-Stationary 
PG&E, Malin 1 -1.621 1.46 0.2325 0.349 Non-Stationary 
SoCal Gas 3 -1.531 1.36 0.258 0.427 Non-Stationary 
Transco, zone 6 non-NY 1 -1.644 1.52 0.22 0.381 Non-Stationary 

ADF Critical Values: 

10%: -2.57 -1.62 

5%: -2.86 -1.95 

1%: -3.43 -2.58 

F-Test based on F(2,746) distribution. 

forward months. We consider the same 11 hubs used in the preceding section: the 

‘representative hubs’ which characterize the major locations of US gas supply and 

demand. The prices used are obtained via Platts’ M2M market service and reflect the best 

estimate of gas available at each hub during bid week for delivery in the subsequent 

month. Our analysis of forward markets proceeds in the same manner as our analysis of 

the spot markets: we determine the stationarity properties of the time series, employ a 

vector error correction model, assess the extent of market integration in the forward 

months, and test a variety of hypotheses based on restricted models to gauge exclusion 

and exogeneity of regional marketplaces. Though spot markets appear to be heavily 

integrated, this finding may not necessarily hold for futures markets. A disparity in the 

extent of market integration between the two categories of markets may reveal that the 

forward market is inefficient relative to the spot markets and may suggest trading 

opportunities for gas marketing firms and are thus of particular interest. 

In each of the eleven time series, we use Akaike Information Criteria to select an 

appropriate number of lags in the data generating process. We then test, as we did in the 
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Table 18: Schwartz Criteria for Inter-Regional VECM, Forward Markets 
Seasonally Centered Dummy Variables 

Lag 
Rank 1 2 3 4 5 

1 -63.704 -63.438 -62.660 -61.894 -61.065 
2 -63.942 -63.489 -62.701 -61.900 -61.058 
3 -64.040 -63.513 -62.707 -61.885 -61.026 
4 -64.104 -63.541 -62.698 -61.858 -60.980 
5 -64.069 -63.498 -62.647 -61.804 -60.925 
6 -64.045 -63.463 -62.608 -61.761 -60.879 
7 -64.025 -63.436 -62.579 -61.729 -60.842 
8 -63.990 -63.396 -62.537 -61.686 -60.798 
9 -63.962 -63.365 -62.508 -61.656 -60.766 
10 -63.943 -63.345 -62.488 -61.635 -60.744 

AIC minimum obtained at rank 8, 2 lags 

Constant Restricted to Cointegrating Vector 
Rank 1 2 3 4 5 6 

1 -64.690 -64.393 -63.617 -62.864 -62.027 -61.127 
2 -64.841 -64.392 -63.601 -62.808 -61.959 -61.042 
3 -64.874 -64.380 -63.552 -62.742 -61.889 -60.973 
4 -64.874 -64.350 -63.512 -62.692 -61.821 -60.912 
5 -64.837 -64.294 -63.456 -62.637 -61.765 -60.846 
6 -64.782 -64.244 -63.400 -62.580 -61.707 -60.786 
7 -64.747 -64.208 -63.357 -62.532 -61.657 -60.733 
8 -64.704 -64.156 -63.305 -62.477 -61.602 -60.679 
9 -64.664 -64.116 -63.265 -62.436 -61.559 -60.636 
10 -64.637 -64.088 -63.237 -62.409 -61.530 -60.607 

AIC minimum obtained at rank 7, 2 lags 

preceding sections, for the 

stationarity of the series. 

We do not include 

deterministic time trends in 

the data generating process 

as we find no compelling 

evidence to do so. 

Accordingly, we estimate 

the Augmented Dickey 

Fuller tests based on the 

assumption that the series 

evolve according to: 

Ay, =«o+»,/-i + + £, 

We then test the hypotheses that ao and yyt.i are jointly zero by restricting the data 

generating process accordingly and using the usual F-statistics. If the F-tests reveal that 

that the drift terms are insignificant, we compute ADF statistics based on a model with no 

drift. 

The Augmented Dickey-Fuller statistics for the eleven time series are presented in 

Table 17. In all eleven regions, the null hypothesis of the presence of a unit root cannot 

be rejected at the 10% confidence level. This result is robust to the inclusion or exclusion 

of an accompany drift term in the data generating process. In all cases, F-tests cannot 

reject the hypothesis that ao and yyt-i are jointly zero. We conclude that all eleven of the 

time series are non-stationary and possess a unit root. Accordingly, the vector error 
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Table 19: Johansen Trace Statistics for Inter-Regional VECM 
Seasonally Centered Dummy Variables 

1 Lag (SBIC) 2 Lags (AIC) 
Max Rank Trace Stat. 5% Crit. Val. Max Rank Trace Stat. 5% Crit. Val. 

0 1345.66 277.71 0 916.82 277.71 
1 836.74 233.13 1 587.34 233.13 
2 532.85 192.89 2 423.50 192.89 
3 346.20 156.00 3 292.85 156.00 
4 199.02 124.24 4 172.87 124.24 
5 139.10 94.15 5 119.03 94.15 
6 84.81 68.20 6 72.53 68.52 
7 40.22 47.21 7 33.14 47.21 
8 17.39 29.68 8 16.62 29.68 
9 7.30 15.41 9 6.55 15.41 
10 2.07 3.76 10 2.25 3.76 

Constant Restricted to Cointegrating Vector 

0 
1 Lag (SBIC) 
1144.95 291.40 0 

2 Lags (AIC) 
760.10 291.40 

1 677.85 244.15 1 489.98 244.15 
2 432.23 202.92 2 358.11 202.92 
3 288.71 165.58 3 247.96 165.58 
4 182.83 131.70 4 164.84 131.70 
5 124.81 102.14 5 113.64 102.14 
6 79.27 76.07 6 72.29 76.07 
7 39.33 53.12 7 32.69 53.12 
8 19.03 34.91 8 18.85 34.91 
9 9.13 19.96 9 9.13 19.96 
10 3.34 9.42 10 3.45 9.42 

correction model with seasonally centered dummy variables is chosen to model the 

behavior of the forward markets. 

Schwartz selection statistics based on differing specifications of the lag lengths 

and cointegrating rank of the systems are presented in Table 18. Immediately, it is 

apparent that Schwarz criteria select models in which the rank is substantially less than 

10, the maximum possible relationship. This noticeably different from the spot markets in 

which near perfect market integration was implied. The Schwartz criteria propose a 

selection of a lag length of one, while the Akaike Information Criteria select a lag length 

of two. Accordingly, we compute trace statistics for both models in the interest of 

robustness. 

The Johansen trace statistics for the prompt month North American natural gas 

markets are presented in Table 19. In contrast to the spot markets for gas, these markets 
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Table 20: Results of Cointegrating Relations in North American VECM 
Estimate of Long-Run Cointegrating Relationships in North American VECM Model 

Index CE1 CE2 CE3 CE4 CE5 CE6 CE7 
InEIPasoPerm 1 0 0 0 0 0 0 
InNGPLTexOk 0 1 0 0 0 0 0 
InHSC 0 0 1 0 0 0 0 
InNGPLSTX 0 0 0 1 0 0 0 
InPanha ndleTexok 0 0 0 0 1 0 0 
InEIPasoSanJuan 0 0 0 0 0 1 0 
InKem River 0 0 0 0 0 0 1 
InMalin 5.78 19.573 13.315 21.425 9.219 -8.153 584.68 
z-val of Malin 13.74 13.88 12.67 13.86 15.53 -15.24 14.89 
InSocal -7.673 -24.087 -16.82 -26.335 -11.136 8.665 -690.76 
z-val of Socal -19.27 -18.04 -16.91 -18 -19.81 17.11 -18.58 
lnTCZN6 1.632 5.971 4.808 6.479 2.233 -2.18 155.04 
z-val of TCZn6 3.48 3.8 4.1 3.76 3.38 -3.66 3.54 
InHH -0.812 -2.732 -2.47 -2.877 -1.397 0.764 -57.75 
z-val of InHH -1.57 -1.58 -1.92 -1.52 -1.92 1.16 -1.2 
Cons 0.373 1.104 0.68 1.216 0.608 -0.299 32.424 
Speed Of Adjustment Parameters (P-values Below Estimates) 
InEIPasoPerm -0.765 0.120 0.034 0.073 0.372 0.010 -0.005 

0.000 0.797 0.731 0.879 0.001 0.919 0.145 
InNGPLTexOk -0.371 0.037 0.153 -0.149 0.281 -0.119 -0.001 

0.012 0.934 0.086 0.746 0.007 0.209 0.684 
InHSC -0.247 0.468 -0.067 -0.323 0.132 -0.166 -0.004 

0.078 0.273 0.428 0.460 0.180 0.066 0.226 
InNGPLSTX -0.363 0.187 0.154 -0.295 0.270 -0.121 -0.001 

0.014 0.678 0.085 0.522 0.010 0.205 0.771 
InPanha ndleTexok -0.221 0.698 -0.070 -0.503 0.038 -0.188 -0.004 

0.134 0.421 0.429 0.274 0.716 0.048 0.242 
InEIPasoSanJuan -0.270 0.788 -0.032 -0.560 0.209 -0.569 -0.013 

0.067 0.079 0.715 0.222 0.044 0.000 0.000 
InKem River -0.577 0.209 0.029 -0.017 0.350 -0.626 -0.015 

0.020 0.782 0.847 0.983 0.046 0.000 0.011 
InMalin -0.399 0.175 0.004 0.029 0.149 0.041 -0.005 

0.006 0.694 0.959 0.950 0.148 0.665 0.145 
InSocal -0.261 0.479 -0.103 -0.268 0.038 0.357 0.004 

0.125 0.355 0.316 0.613 0.754 0.001 0.325 
lnTCZN6 -0.192 0.608 -0.090 -0.468 0.123 -0.146 -0.003 

0.185 0.169 0.303 0.301 0.230 0.117 0.390 
InHH -0.265 0.558 -0.026 -0.416 0.236 -0.193 -0.006 

0.053 0.181 0.757 0.330 0.014 0.028 0.046 

seem to be characterized by a lack of integration, or at the very least the absence of total 

integration. Trace statistics for the multiple models indicate a cointegrating rank of 6 or 7 

equations in the system. Estimates of the extent of integration in spot markets concluded 

there were 10 cointegrating relationships. Thus, the strength of the overall common 
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Table 21: Hypothesis Tests of Market Integration in North America: 
Prompt Month 

Hub Speed of Adjustment 
Exclusion from 

Cointegrating Space 
a=0 p=o 

InElPasoPerm 36.43 0.000 200.50 0.000 
InNGPLTexOk 17.51 0.014 91.34 0.000 
InHSC 15.23 0.033 128.30 0.000 
InNGPLSTX 18.20 0.011 79.33 0.000 
InPanhandleTexok 19.22 0.008 165.40 0.000 
InEIPasoSanJuan 71.29 0.000 285.30 0.000 
InKern River 37.76 0.000 28.77 0.000 
InMalin 17.48 0.015 153.30 0.000 
InSocal 165.94 0.000 430.30 0.000 
lnTCZN6 12.88 0.075 31.00 0.000 
InHH 18.54 0.010 62.82 0.000 
Critical Values based on Chi-squared distribution with 10 degrees of freedom 

trends in price movements is weaker in the forward markets than in spot markets for 

natural gas. 

This finding is quite significant and requires some explanation as to how and why 

it occurs. One might expect that if spot markets are fully integrated, then quite naturally 

contracts for delivery one month should be equivalently integrated. However, this 

presumption would ignore the very important distinction that decisions made in the spot 

month are based on a full characterization and full knowledge of the state of the world. 

Weather forecasts are certainly more accurate one day in advance than thirty, but more 

subtly, other characteristics of the marketplace such as the complete knowledge of the 

actual available of transportation capacity will not be known with certainty until the next 

month (at which time the ‘prompt month’ becomes the ‘spot month’). Therefore, prices in 

futures markets are based on subjective opinions of gas traders about the fundamental 

drivers of the gas markets. We do not see full integration because it is impossible to know 

the underlying characteristics which will completely affect gas prices one month in 

advance. 
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Some of these characteristics, such as the overall state and health of the American 

economy and the impact of long term deals to meet the baseload requirements of certain 

industries, are known with near certainty. Therefore, it is likely that the marketplace will 

certainly be loosely integrated as general pricing trends are reflected at all hubs. 

However, national traders cannot with certainty (or even any large amount of accuracy) 

predict from a month in advance the arrival of extremely cold winter weather in New 

York or the arrival of a Katrina-type of hurricane along the Gulf Coast. The foil impact of 

events of this scale on the total market of the United States cannot be folly assessed until 

they occur, at which time arbitrage pricing opportunities with foil knowledge of storage 

and capacity constraints may be conducted. The subjective nature of pricing a month in 

advance means that these opportunities do not exist in the prompt month, at least not to 

the extent which they may be as folly exploited as those opportunities which arise in spot 

markets. 

Table 20 presents the estimates of the a and p parameters of the error correction 

model for the forward prompt month natural gas markets. Table 21 presents the usual 

tests of weak exogeneity and of exclusion from the cointegrating space based on the 

characteristic roots of the estimated matrices: 

7-£[ln(l-2;)-ln(l-,l,)] 
/= 1 

None of the hubs tested are excluded from the cointegrating space spanned by the 7 

cointegrating relationships. We can therefore conclude that each of the markets in the 

sample has a long-term relationship with the others. However, interestingly, we cannot 

reject the null hypothesis that Transco Zone 6 (non-NY) does not respond to short-run 

deviations from the long run equilibrium relationships at the 5% confidence level. Thus, 
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there exists evidence at the 5% confidence level that Transco Zone 6 can be considered 

weakly exogenous in the forward markets. 

Upon closer examination, this finding has a considerable amount of empirical 

merit. More than any of the other regions considered in the 11-hub sample, Transco Zone 

6 is a period of strong demand in the Northeast whose natural gas usage is largely 

characterized by large and sudden spikes to price due to the onset of cold weather. 

Transco Zone 6 would therefore be the region in the sample which will most heavily be 

influenced by the predicted onset of non-hurricane weather events. Pricing spillovers may 

be incomplete between New England and the rest of the country as traders on the west 

coast and the Rocky Mountains (for example) may be unwilling to revise their regional 

price estimates based purely on a weather forecast which may prove to be ephemeral in 

nature. 

Forward Markets: Assessing Market Integration in the Prompt Month: Conclusions 

Using Platts’ M2M Gas forward curve service, we analyze the behavior of the 

movements of prices in 11 North American forward markets for the next month of 

delivery. We find the data to be non-stationary and proceed to consider the market in a 

vector error correction model in order to assess the dynamic interrelationships between 

pricing points. 

We conclude that forward markets are integrated, but the extent of this integration 

is weaker than that which occurs in the spot market. Previous tests on spot markets for 

gas revealed the strongest possible form of cointegration in which the rank of the 

cointegrating matrix was of dimension 10, the maximum possible in the model. By 

contrast, we conclude that forward markets have a cointegrating dimension of 7: 
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cointegrating forces are still present, but prices do not move as fluidly together as they do 

in spot markets. We attribute this finding to incomplete information about the state of the 

world at the time of trade. Simply put, in spot markets, traders can use all available 

information including weather and infrastructure constraints, and base their decisions 

accordingly. In futures markets, this type of information is based on the subjective 

opinion of the gas trader. 

We furthermore find evidence that Transco Zone 6 may be weakly exogenous in 

the natural gas forwards market. This implies that the key characteristics which define the 

New England market may be separate from those which govern the rest of the country. 

This is in fact likely to be true given that Transco Zone 6 is largely influenced by the 

onset of cold weather which necessitates an increase in gas consumption for heating 

purposes. 

Pairwise Market Integration: Forwards and Spot Markets 

Given that we have found a significant amount of market integration in both the 

spot and futures markets for North American natural gas, it is only natural to consider the 

extent to which spot markets and forwards markets ‘move together.’ Within each the spot 

markets and the futures markets, we are inherently considering the issue of pricing 

spillovers (or price discovery) across the boundaries of geography. We now wish to 

consider pricing spillovers across the boundaries of time. For example, does an 

expectation of more prevalent hurricane activity in the subsequent month affect spot 

prices? As natural gas is a storable commodity, theory implies that elimination of 

arbitrage opportunities across time should imply that it does. 
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Table 22: Johansen Trace Statistics of Spot/Prompt Market integration 

Rank Permian 
NGPL 
Texok HSC 

NGPL 
STX Henry Hub Panhandle San Juan Kern Malin SoCal 

Transco 
Z6 

Crit 
Value 

0 83.53 86.95 83.50 85.70 82.57 81.55 95.51 80.09 78.21 76.66 172.58 15.41 
1 1.85 1.59 1.66 1.56 0.90 2.03 1.98 1.97 1.09 1.55 0.95 3.76 

Lags 6 3 3 3 3 3 3 9 3 6 2 
Results are based on SIC selection criteria. Results are robust to longer lag lengths selected by LR and AIC criterion 

In the subsequent analysis, we again utilize the same 11 hubs analyzed in the 

preceding three sections. We consider each region in a separate model and check for the 

presence of cointegration between the pairs. Economic theory and the results of the 

preceding sections imply that each region should exhibit market integration. The extent to 

which this integration occurs and the specific relationships revealed in each region may 

have important empirical applications. The determination of these relationships may yield 

profitable trading opportunities and are thus of interest to both the empirical researcher 

and the gas marketer. 

We analyze pairwise prices in the same framework as employed in the preceding 

three sections. We utilize a vector error correction model within each region given that 

each time series is presumably dynamically linked across time and the time series were 

found to be non-stationary. Seasonally centered monthly dummy variables are included, 

as in previous sections, to account for seasonality in the time series. The trace statistics 

for each of the 11 regions tested are presented in Table 22. For each pair of time series, 

lag lengths are selected based on the Schwarz Information Criterion. In the interest of 

robustness, trace statistics based on likelihood ratio and Akaike Information criteria were 

also tested. In all cases, the results of these estimates were found to be of rank equivalent 

to that proposed by the Schwarz selection criteria. 

In all eleven cases, the trace statistics reject the null hypothesis of no 

cointegration at the 95% confidence level. Each series proposes a cointegrating rank of 1, 

implying the existence of a long-run relationship between the spot month and the prompt 
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Table 23: Spot/Prompt VECM Results 
Index Adjustment Parameters Co integrating Relationship 

Spot Forward Spot Forward Constant 
Permian 0.348 -0.043 -1.014 1 -0.150 

0.000 0.197 0.000 
NGPL Texok 0.275 -0.037 -0.994 1 -0.115 

0.000 0.202 0.000 
HSC 0.286 -0.025 -0.974 1 -0.189 

0.000 0.399 0.000 
NGPL STX 0.266 -0.031 -1.013 1 -0.058 

0.000 0.281 0.000 
Henry Hub 0.256 -0.064 -0.930 1 -0.172 

0.000 0.034 0.000 
Panhandle 0.281 -0.041 -0.999 1 -0.142 

0.000 0.128 0.000 
San Juan 0.322 -0.039 -1.036 1 -0.133 

0.000 0.100 0.000 
Kern 0.517 -0.050 -0.800 1 -0.599 

0.000 0.012 0.000 
Malin 0.260 -0.056 -0.981 1 -0.128 

0.000 0.080 0.000 
SoCal 0.350 -0.034 -1.032 1 -0.085 

0.000 0.383 0.000 
Transco Z6 0.381 -0.032 -0.970 1 0.035 

0.000 0.030 0.035 
P-values presented 

month at all regions. Therefore, we conclude that there is very strong evidence that the 

prices of forward gas and spot gas move together consistently over time and are 

characterized by stable long run relationships in all major regions of gas supply and 

demand in North America. It therefore seems likely that arbitrage across time is identified 

and eliminated by gas traders. 

Table 23 presents the estimates of the VECM models for each of the 11 pairs of 

market points. In all cases, lag lengths were selected according to the SIC criteria as 

detailed in Table 22. In each case, constants were permitted in both the cointegrating 

vector as well as the aforementioned seasonally centered dummy variables. The results 

are quite interesting and informative and require some explanation. In eight of the eleven 

markets (indicated by the presence of bold text in Table 23), forward prices did not adjust 

to the deviation from the equilibrium relationship at the 95% level. Furthermore, at all 
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eight of these hubs, lags of spot prices did not have a statistically significant impact on 

the prompt month price. Therefore, forward prices at these eight hubs are weakly 

exogenous. That is, it can be said that spot prices respond to changes in movements in the 

forward price curve, but the reverse is not true. This idea is particularly interesting when 

considered in the context of the magnitude of the estimated short run adjustment 

parameters. At all of the hubs, the magnitude of the adjustment parameter for the spot 

prices is between five and ten times greater than the corresponding adjustment parameter 

for the prompt contract. This implies that spot prices very quickly respond and adjust to 

movements in the forward month contract, while forward prices are comparatively slow 

to respond to increases in spot gas (if they respond at all). Curiously, the single most 

heavily traded hub in North America, Henry Hub, has causality which appears to flow in 

both directions. This may be due to the frequent employment of the “swing swap” 

financial instrument whose value is determined entirely by the monthly averages of 

within-month gas prices, or it may be simply due to the fact that the liquidity with which 

gas is traded means that movements in both the forward and spot marks occur nearly 

instantaneously. 

Pairwise Market Integration: Forwards and Spot Markets Conclusions 

The results of Tables 22 and 23 are quite remarkable. By analyzing spot and 

forward market data provided by the Platts publication, we conclude that the spot markets 

and forward markets at the major representative regions in North America are highly 

cointegrated with each other. This implies that there are stable long term relationships 

which characterize the movements of prices for spot and prompt month natural gas. 

Furthermore, analysis of the short-run adjustment parameters implies that at 8 of the 11 
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hubs considered, the changes in price in the future month are of critical consequence in 

that they are considered exogenous in each of the systems. More simply stated, results of 

the Vector Error Correction Models employed imply that spot prices of gas respond 

quickly and in great magnitude to changes in price in the prompt month. However, the 

reverse causality is often not present. This may simply be because forward contracts 

inherently do not require the immediate change in ownership of a commodity but merely 

an agreement to execute such a change in the future. Thus, they are more liquid and 

changes in market conditions do not have the friction associated with immediate 

modifications to nominations for gas flow as may occur for gas transacted in the spot 

month. 

CONCLUSIONS 

In this paper, we analyze the characteristics of the North American natural gas 

industry. We seek to determine whether the goals of deregulation proposed in the late 

1980s and early 1990s have been fully realized by the creation of a fully integrated 

market for natural gas. Our analysis proceeds with four broad areas of emphasis. 

In the first, we employ daily observations from Platts’ Gas Daily at 46 different 

North American pricing locations over the interval of July 1,2005 to June 30,2008. We 

consider the nature of ‘intra regional’ price movements within 7 major regions of gas 

production as partitioned by Gas Daily. We employ the Vector Error Correction Model 

which, when employed with 1(1) non-stationary time series data, considers the dynamic 

interrelationships between movements in variables. We conclude that all of the regions 

are characterized by a high degree of integration. 6 of the 7 regions are fully integrated, 

and the last (the Rocky Mountains) is nearly fully integrated. Where appropriate, we 
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suggest hubs that might serve as “representative hubs” for purposes of risk management, 

but are generally unable to establish exogenity of any of the major hub locations. 

In the second section, we consider inter-regional pricing spillovers in the spot 

market. We seek to determine whether the national market for natural gas is integrated in 

the sense that pricing movements in one region (such as Southern California) are 

transmitted to other locations (such as Henry Hub or New England). We conclude that 

these markets are also fully integrated, a characteristic which would certainly make 

representatives of the Federal Exchange Regulatory Commission undoubtedly quite 

happy. 

In the third section, we consider inter-regional pricing spillovers in the futures 

market, with the unit of focus being the ‘prompt month,’ or gas for delivery in one 

month. We find that these markets, while integrated, are not as heavily integrated as that 

for spot markets. We attribute this finding to the differing subjective opinions of gas 

traders who are frequently making trading decisions without having complete knowledge 

of the exact characterization of the world in the time in which they make their trading 

decisions. 

In the last section, we consider the integration of each of the 11 major hubs in a 

pairwise framework between the current spot market and the prompt market for gas. 

Here, we find that total integration exists. However, we reach the important conclusion 

that the prime driver of movements in these markets is the prompt month contract. In 8 of 

the 11 major regions considered, we conclude that movements in the prompt markets are 

exogenous to those of the spot markets. Furthermore, the spot markets respond much 
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more quickly and with much greater magnitude to deviations from the long-run 

equilibrium than prompt markets. 

Additional Topics 

The analysis presented here, while of significance to the existing literature, 

naturally leaves questions in its wake. The present study focuses largely on the error- 

correcting terms present in the model. Each of these have a speed-of-adjustment 

parameter associated with it which yields an estimate at which deviations are reduced and 

subsequently eliminated. It may be of interest to the quantitative finance literature (as 

well as the gas marketer) to consider the nature of effective hedging in the presence of 

these parameters. 

The subject of futures contracts with longer tenor than merely the next month 

would be a logical and interesting extension of the current research. For example, which 

tenor is the best predictor of movements in price? Is it a one month (the prompt month), 

or is a three or six month contract a better fundamental unit of analysis? We have chosen 

in this study to focus only on the prompt month due to its presumed closer relationship to 

the behavior of spot prices, but subsequent research may reveal that this is not the most 

appropriate price specification to use. 

Lastly, a greater time sample would enhance the robustness of the results. Due to 

data limitations, we have focused on only a three year interval. Other studies might 

consider the employment of monthly data in order to more effectively address seasonality 

in the data, to reduce the computational enormity of the systems, and to more 

appropriately judge the nature of the North American natural gas market. However, these 

studies would likely need to consider structural breaks in the market, such as the opening 
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of the Rockies Express pipeline or the advent (or elimination) of regulatory mechanisms 

introduced by government agencies. 
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