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Abstract— Has the integration of European, North American
and Asian natural gas markets been fostered over the last few
years by growing LNG export capacities and an increasing
market share of spot transactions? This is the key question that
this article sets out to answer. For this purpose, we develop
bivariate error correction models with structural breaks and
asymmetric responses among gas references prices, oil prices,
and coal prices. We use daily prices of all reference prices
spanning from January 12, 2004, to January 12, 2018, for the
North American, Asian and European areas. We show that if
European and U.S. gas prices are co-integrated when multiple
breaks are allowed, their respective markets cannot be
considered integrated. However, our results show that the
degree of interdependence between European and American
prices is increasing, whereas the degree of interdependence
between gas and crude oil prices is decreasing. More
surprisingly, we also highlight that reversions to long-term
equilibria both between the Henry Hub (HH) and the National
Balancing Point (NBP) and between the HH and the Japan
Korean Marker (JKM) are highly asymmetric, a pattern that
could be intuitively interpreted as the consequence of market
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Towardsaworldwide integrated market? New evidence on the dynamics of U.S,,
European and Asian natural gas prices

Abstract— Has the integration of European, Northehican
and Asian natural gas markets been fostered oeelat few
years by growing LNG export capacities and an asirgg
market share of spot transactions? This is thegkegtion that
this article sets out to answer. For this purpege,develop
bivariate error correction models with structurakdks and
asymmetric responses among gas references prit@sices,
and coal prices. We use daily prices of all refeeeprices
spanning from January 12, 2004, to January 12, 2fat&he
North American, Asian and European areas. We siaivit
European and U.S. gas prices are co-integrated wiudtiple
breaks are allowed, their respective markets can®t
considered integrated. However, our results shoat the
degree of interdependence between European andidemer
prices is increasing, whereas the degree of inpemdence
between gas and crude oil prices is decreasing.eMor
surprisingly, we also highlight that reversions ltmg-term
equilibria both between the Henry Hub (HH) and etional
Balancing Point (NBP) and between the HH and theada
Korean Marker (JKM) are highly asymmetric, a patténat
could be intuitively interpreted as the consequenfcenarket
arbitrage strategies by exporting countries in atext of
oversupplied markets.

Keywords: Natural gas, LNG, integration, convergenc
structural breaks, TECM

Code JEL: D40, L95

1. Introduction

The gas market is undoubtedly experiencing profothmehges due not only primarily to the
development of production and export capacitiedifprefied natural gas (LNG), particularly
in the United States, but also to the emergencaare-flexible commercial agreements and
the growing presence of physical traders. Theseioggprocesses might potentially have
major consequences for the gas market. Througkttbegthening of the LNG market, lower
transaction costs and increasing flexibility, ateinationally integrated gas market would
clearly be a revolution. This statement would hees tnot only in economic terms with the
assertion of new players and, most likely, a protbahange in comparative advantages, but
also and above all in geopolitical terms. In thersland medium term and in the economic
field, two questions appear unavoidable: couldel@®found ongoing changes foster market
arbitrage? Would they, in turn, fuel the emergemiea more integrated natural gas
marketplace on a world scale? This paper setsmanswer these two interrelated central
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questions as an extension of the studies alreadgiucbed on this topic over the past few
years.

There are several approaches to apprehending #iigyref market integration. Kalman
filters, convergence tests and cointegration megsare among the most frequent procedures
used in this respect. Albeit cointegration is adistiaal concept that cannot be assimilgbed
sewith market integration, it appears reasonablessume that prices that are determined on
integrated markets should display a long-term i@hahip. In other words, cointegration tests
can be used to measure market integration. In szawes, however, practical interpretation
remains questionable. Indeed, if there is a refatipp of mutual dependence between the
variables studied and another variable, there miighstatistical cointegration but without
providing undisputable evidence that markets atieghated. Based on this approach, seminal
works on natural gas market integration suggedt ititea-continental markets are indeed
often usually integrated (Asclet. al.2002). However, even when cointegration relatigrsh
between the major American, European and Asiampges references might also have been
strong over a given period, such strength cannatdmstruedoer seas a sign of a growing
interconnection between markets (Brown and YuceD92 Siliverstoset. al., 2005). The
determining factor behind joint movements by gasgsr observed in the past in the United
States, Europe and Asia was not that of arbitrageden two markets but rather a certain
dependence upon oil prices.

Dedicated to the analysis of natural gas markeignattion, this article builds directly on the
groundwork laid in the above-mentioned articlesrélying on cointegration measures and
error correction models with three notable diffee First, our panel encompasses a very
large set of natural gas daily price referencethenU.S., Europe and Asia, whereas most
studies considered only three prices (NBP, Henry ldod the JKM). Second, we use the
econometric procedures that allow for multiple Breaintegration tests (Maki, 2012) and
threshold error-correction models (Enders and Sjkl001). Threshold models have the
advantage, contrary to Markov switching models Wwhassume that the state process giving
rise to regime switching is latent, of allowing thiae nonlinear effect is driven by observable
variables (Charet al, 2017). Furthermore, cointegration tests with mplétbreaks allow to
detect endogenously the date of a structural chemtle relationship between gas prices, and
therefore, of apprehending the changing naturdn@fgas market over the recent period. To
our knowledge, this article is the only one to dapplying such econometric techniques to
analyse the integration of regional gas markets.d, our period ranges from 12/01/2004 to
12/01/2018. This difference is anything but anealldtecause it allows to us to consider the
latest developments affecting energy markets:h@)sharp slump in oil prices observed since
the second half of 2014, which in particular iskéd to the boom in unconventional gas
production in the United States; (2) massive inwesits in the LNG industry in recent years,
which translated into a growing number of liqueifact(export) plants and regasification
(import) units that will enhance the capacity ofemmational buyers to source natural gas
through LNG carriers; and (3) an increased flekipitoncerning LNG international trade in
terms of LNG import and exports, which have higtally been characterized by a high
degree of rigidity, whether in terms of logistiocnclitions, contractual practices (incoterms) or



pricing mechanisms. This last assertion requinesrander of the reality of physical trade and
contractual practices relating to the LNG sectdne Thistorical structuring of natural gas
markets around long-term contracts could largelyelkplained by the product’s physical
characteristics and infrastructural requirementgpased by international transportation,
similar to the case of onshore gas (Asehal, 2002). The industry’s high development costs,
linked significantly to the need for both liquefact and gasification terminals and LNG
carriers to transport gas by sea, create an irgeraence effect between producers and users
and explain the existence of long-term trade r@tati(Hirschhausen and Neumann, 2008;
Ritz, 2014). Importing countries, largely dependapbn fossil fuels and unable to fully
benefit from gas pipeline systems, thus secure thgiplies, whereas for exporters, this long-
term relationship is a guarantee of future revesw the wherewithal to envision necessary
logistical investments with peace of mind. Crudé indexation is explained from two
standpoints. On one side of the Atlantic, ContiakRurope historically has had no gas price
benchmark, with gas defined as an alternative gnrgil in the sectors of urban heating,
electricity production and other industrial applicas. Thus, the “oil” component in supply
contracts in Europe constituted a widely acceptethod of valuation for imported gas. On
the other side of the Atlantic, the bridging of Udgas prices with oil prices is explained more
by a physical connection than by any contractuglirements. As stated earlier, gas can
replace oil products in a wide number of appliaagig¢for example, domestic oil and gasoil).
Accordingly, the competition existing in gas masketith oil products produced the “gas”
and “oil” relationship in the United States. Worimnder this sort of system, the LNG
market has never been actually off-balance to theéen¢ that investments in
production/exportation capacities were made onlgnwhales outlets were ensured. Fostered
by the growth in anticipated long-term growth, bg idea that environmental arbitrage would
favour natural gas in European countries (to thardent of oil and coal), and by the wish of
certain countries to eliminate the geopoliticatniesons that supply via gas pipelines impose,
the prospects of brighter days ahead prompted pevduo finance additional supply, whose
price was to take shape on the spot market, maablyan the United States.

The idea was also, in certain geographic regiomssampete with the pipeline supply of
natural gas, with the result that the price of LN&pugh arbitrage, would be equal to the
price of onshore gas once transportation and gasisn were accounted for. However, once
again the plot did not quite unfold as anticipatEde conjunction of the shale gas revolution
in the United States, upscaling operations fronohis producers such as Qatar and Australia
combined with an environmental policy now much ldntb renewable energy sources than
to fossil fuels, and low growth in Europe effectivereated the conditions for a glut in supply
that logically translated to a significant fall gas prices and a shift in the power balance
between suppliers and demanders (Rogers, 2015).18ngely interdependent consequences
could be expected: stronger spot markets througimereasing importance of traded gas
hubs, disconnected from oil prices, to the detrimainlong-term contracts, and growing
interaction between the dynamics of internationadgs, due not to common practices of oil-
related indexation but rather to inter-market adgé strategies. Empirical verification that
such relationships exist has been central to maigies. As Ascheet al. (2013) note, there
are indeed no clear links between the existen@spiot market and the independence of gas



prices if substitution with oil remains strong. Wfging the scope of this affirmation is
therefore at the very heart of this article’s amoipit Although to the best of our knowledge,
no publicly available data exist that would allow t0 understand explicitly the reality of
commercial contracts on natural gas or, more paatilty, the pricing mechanisms contained
therein, there are serious reasons to believe tthattrend towards greater flexibility in
international trade in natural gas, via the expamsf LNG, is occurringFirst, beyond the
idea previously developed that excess natural g@ysly has favoured the emergence of a spot
market, there is indeed an obvious interest foeridtional buyers, particularly electricity
producers, in implementing these arbitrage stratggat least on a regional scale. Such
strategies can indeed be driven by not only themedity of the demand for gas, which leads
to different peaks in demand from one country ® ttlext, but also imperfect substitutability
between gas and other energy sources in the produaftelectricity. This point is even truer
for European markets, insofar as the regulatore heowed to foster market transparency,
liquidity and completeness by means of the Gas éiavpdels (GTMs) | and Il defined in
2011 and 2014, respectively. Nevertheless, as esiggthby Ritz (2014), producers adopting
a policy of price discrimination could inverselynit intensity and thereby the effect on the
interdependence of international prices. Secondysipal arbitrage is now not only
technologically and contractually easier but abEsslcostly. Being by far less expensive than
onshore terminals, FRSU (Floating Regasificatioml &torage Unit) offshore units in
importing countries and, even more recently, FLNBo&ting LNG) offshore units in
exporting countries, open up new prospects forrmatiional gas exchanges. FRSUs and
FLNGs are, in a very simplified fashion, infrastiwes located at sea to varying degrees
(offshore/nearshore/inshore) whose tasid flexibility allow them to be considered attiae
alternative& Third, the rise in U.S. shale gas could, in dddito its depressing effect on
world prices, also lead to an "export" of North Atoan contractual practices that are more
flexible than in the rest of the world, notably kawy the absence of so-called destination
clauses, or the increased use of more flexible EreeBoard (FOB) incoterm rather than
Delivered Ex-Ship (DES) or Delivery at Terminal (DAincoterms. For the International
Energy Agency (IEA), the evidence is cleaa: fiew gas order is emerging, with U.S. LNG
helping to accelerate a shift towards a more flexiliquid, global market. Ensuring that gas
remains affordable and secure, beyond the curreniod of ample supply and lower prices,
is critical for its long-term prospects. LNG accdsifior almost 90% of the projected growth
in long-distance gas trade to 2040; with few exiter®, most notably the route that opens up
between Russia and China, major new pipelines gteug a world that prizes the optionality
of LNG” (IEA, 2017) In a context of sufficiently supplied markets, thisw paradigm, if it
were to materialize, would enshrine the role ofgitgl traders. Drawing on their ability to

! Approximately USD 450 million, including USD 2508@ million for the “vessel" alone. An FRSU mighsal
result from the transformation of a tanker, but tbst difference is small compared with the devalept of a
new unit when, of course, the tanker used is new.

%2 The first FRSUs were launched in 2008 in Argent{Bahia Blanca GasPort), Brazil (Pecemport) and the
United States (Northeast Gateway Deepwater Port).

% The use of the Incoterm DAT incoterm requires dedinition of a delivery port, which de facto limithe
buyer's capacity for physical arbitrage. An FOBoitecm or the introduction of so-called revisionudas, in
contrast, allows the buyer to change the placeddif/ety, allowing him to limit the risk on the vahe of
imported gas that the seller imposes on him undaekexor-pay contract.
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operate these arbitrage operations to protecttiwadily low intermediation margins, they
would most likely make price competitiveness a kaygiable in the functioning of markets,
which would most likely not be to the advantagenefv producefs In this context, the
essential question raised by this article is notremh whether this flexibility of trade will
prevail, because it is, in fact, quite consisteithvihe history of commodity markets, but
whether it has already materialized to the poinbeihg reflected in the joint dynamics of
regional gas prices and in their links with thatodf Linear error correction models are not
sufficiently sophisticated to capture the long-tepmce relationships that can prevail on
energy markets. Hence, many of the latest articlegas price dynamics favour different
types of regime-switching models. However, they, &oethe best of our knowledge, rather
focussed on the cointegrating relationships betwaegiven crude oil price reference (West
Texas Intermediate or Brent) and its “correspontmagural gas price, primarily Henry Hub
(HH) and National Balancing Point (NBP), ratherrtteanong natural gas prices themselves.
Using an error correction model with structuraldk® and asymmetries in the convergence
process to long-term equilibrium, this article aiatsfilling this gap by considering a large
original dataset with information on North AmericaBuropean and East Asian reference
prices (i.e., the Japan Korean Marker — JKM). @itgs are also considered to distinguish the
fact that natural gas prices can display a comnmepeddence upon crude oil rather than a
“real” price comovements due to growing gas maikétgration. Using nonlinear error
correction models that allow for both structuragdits and thresholds, we provide further
evidence that European and North American markedse veointegrated prior to October
2010. However, their common cointegration with miices does not allow us to assert that
these markets were integrated. We also demongtratethis convergence process towards
long-term equilibrium is asymmetric both between ldhtd NBP and between HH and the
JKM, possible evidence of existing market arbitragategies by exporting countries.

This article is structured as follows. We initialpresent a rapid review of the literature
focussing on the integration of gas markets andaihg-term relationship between natural gas
and oil prices. Next, we describe the data useditorstudy and specify our econometric
modelling. Findings and the interpretations therawd covered in the subsequent section.
Finally, we conclude.

2. Literaturereview

The question of the integration of gas marketsas mew, but no-one can deny that the
selected geographic perimeter has expanded, Ipitialouring a national or continental
dimension but now asserting itself more on a woididwscale. In this respect, the article by
Neumann (2009) is evocative of the incidence of dexelopment of LNG production
capacities on the gas market internationally.

Accordingly, the question of interconnection betwgas markets for pipeline gas is anything
but recent. Following Spulber and Doane (1994),itK(2998) effectively questioned the

4 Among the most recent evidence of this increasénternational traders' market power is the agregme
reached between Trafigura and Cheniere Energylivedéo the independent trader one million tond. NG per
year for 15 years based on the Henry Hub spot pilibés agreement is in addition to the contracthed
between Gunvor and Yamal LNG in Russia or the dlogvang Glencore to source Angolan LNG.
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integration of gas markets within all of the vasguroducer regions in the United States (the
Rockies, Oklahoma, Texas, Louisiana and the Appa&as), a move made further to the
lifting of regulations sought by the Federal EneRggulation Commission (FERC) by way
of an approach aimed at assessing the dynamicsitef-regional transaction costs. He
suggested that the suppression of trade barriexs dot necessarily promote the advent of a
unified market. For their part, Ascles al. (2002) focussed on the integration of the German
gas market by studying the dynamics of import wi®m the Netherlands, Norway and
Russia. Although the very idea of integration ppgmses that these prices should entail
virtually identical dynamics, both the nature ahd tiversity of international trade contracts
nevertheless render more complex any apprehens$isach a reality. The dominance of so-
called “take-or-pay” contracts, which not only aligproducers to secure commercial revenue
but also provide buyers with a degree of flexipilit terms of supply volumes, has effectively
led to the prevalence of price formulas that int padex the price of gas on that of gas
substitutes. This indexing might explain the diéfeces in price observed with imports,
independently of the reality of market integration.

Are gas markets moving towards greater integratim® question, which implicitly queries
the effect of contractual specifics tied to gaseption/delivery operations on relationships
uniting the prices of gas and crude oil, actualiikes at the very heart of articles written on
this subject. In this same line of thought, Brovmal & ticel (2009) develop an error correction
model and test the meaningfulness of cause-andteff¢ationships between the prices of
North American and British gas (HH and NBP) andsthof WTI and Brent over the period
from June 13, 1997, to May 9, 2008. Specificallyeyt document the asymmetry of the
explanatory power of the prices of gas and oil,which WTI and Brent prove to be
explanatory variables for HH and NBP prices, repeky, but with no verification of
reciprocity. Using a multi-varied model using as axplanatory variable the price of
European gas (American), American gas (Europeahprices (WTI and Brent) and the
vectors of joint integration between oil and gases, the authors show that gas prices adjust
to the discrepancies in the long-term relationshgintained with WTI. In other words, the
joint dynamic of gas prices on either side of thégaw@tic is explained more by a shared
dependency upon the price of crude oil than ortrade operations due to LNG between the
United States and the United Kingdom, in accordamite the previous findings of Brown
and Yducel (2009). Although Lat al (2014) also question the international integratd gas
markets by extending their analysis to the Asianez@Japan, South Korea and Taiwan), the
econometric procedures they use are different Isecad the intrinsic limitations of co-
integration analyses in addressing issues of cgewee. Adopting the Philips-Sul test and
the Kalman filter to apprehend the (gradually) chag nature of relationships between
several series, the authors show that there idatmabintegration of the markets. They show
that integration is rather gaining strength, betweet only the three Asian markets under
consideration but also these markets and the Brgess market, thereby leaving the North
American market to adopt its own specific dynamic.

The question of market integration is by its natsgructural one and should consequently be
considered in the long term, which in turn raisesggions about the stability of the



cointegrating relationships not only between oitl @as prices but also between gas prices
themselves. This point is even truer when one exemihe last decade, in which oil prices
severely decoupled from gas prit@s the aftermath of the 2008 financial crisis ahe U.S.
shale gas revolution, as they did in the U.S. & é¢ighties and the nineties. Technological
changes, notably the growing role of not only camellicycle gas turbines since the 1990s but
also the more recent horizontal drilling and rockcturing techniques, could indeed explain
that the relative prices of natural gas to crudetlange considerably over time. This change
implies that any studies based on linear errorection models could be methodologically
flawed (Ramberg and Parsons, 2012). Regime-swicmadels have therefore been adopted
to overcome this type of misspecification. For amgte, Brigida (2014) develops an error
correction model with endogenous shifts in coireéigg vector determined by a first-order
Markov process. Considering the period from SepgmB97 to September 2012, the author
tests the fact that the long-term relationship leetwthe WTI front month prices and HH gas
price can experience structural breaks, once Magakuch as temperature variations or the
U.S. field production of crude oil are controlleor.f One of the main conclusions of this
article is that oil and gas prices did not perm#geatecouple in the 2000s but rather exhibited
a disconnection from August 2000 to May 2009 dunvigch HH prices outperformed oil
prices.

Ascheet al. (2017) also criticize the conventional “error catren model approach” but for
its inability to consider the fact that natural gages periodically decouple from oil prices
during fall and early winter seasons at a time wimmediate demand for heating can be
sufficiently high to reach the maximum utilizatipipeline capacity, allowing for specific gas
pricing and consequently leaving little room fok iadexation to influence prices. Using both
a linear error correction model that averages ahtgas prices and a Markov-switching
model, in line with Bridiga (2014) methodology buhich allows for potential peak loading
pricing, the authors consider the dynamics of thierContinental Exchange (ICE) front
month gas pricésand the Brent front month prices on a weekly b&gigy show that the use
of a linear model combined with the prevalence e¢alipling underestimates not only the
adjustment to deviations from the equilibrium riglaship but also the long-term equilibrium
relationship between oil and natural gas pricesdr@sising these biases through a regime-
switching model that allows for a two-state depengegas pricing being either oil driven or
specific),the authors demonstrate that oil and UK gas madggtear to be integrated for the
majority of the considered period.

The approach developed by Barnes and Bosworth [38r&%ers a radically different form of
modelling based on equations of gravity that is/weidely seen in the empirical analysis of
international trade flows. The authors’ approactoiglentify the determinants of import and
export flows of LNG and compressed natural gas (ThGestimate the incidence of the
“distance” variable on the intensity of bilateredding and thereby apprehend the regional, or
inversely the international, dimension of the gawkat. The results obtained by Barnes and
Bosworth (2015) confirm the importance of distamasean explanatory component of CNG

®> As measured by the crude oil to natural gas ptie.
® The ICE natural gas contracts delivery point ithatUK National Balancing Point Hub.
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trading, as opposed to LNG. Two conclusions cadrbe/n here: LNG might well be a global
market, something the CNG market cannot claim toaoel its strong growth is aiding the
internationalization of the natural gas market.zR®2014) adopts an idea that is equally
different from those based on the analysis of ¢egration relationships between gas prices
observed at reference hubs. He effectively consideat due to the adoption of strategic
behaviours by producers in certain markets, thexendrinsic limits to arbitrage operations. If
producers embark upon a third-order policy of priiecrimination, in principle, there is
therefore no reason to consider that the integratib gas markets should translate to an
equalization of prices once transportation cost® leeen accounted for.

3. Data and empirical methodology
3.1. Data

Our aim is to evaluate both the integration of Eheopean gas market and the world gas
market, controlling for the relationship betweers gad oil prices. For this purpose, we use
daily data at business frequency, expressed in @eromegawatt-hour (MWH) from
Thomson Reuters for the NBP in the United Kingdord all other European gas prices, such
as the Central European Gas Hub (CEfGkh Austria, the Title Transfer Facility
(Netherlands), the French “Points d’Echange de”G@orth and South), the Net Connect
Germany (NCG), the Gaspool (Germany) and the Zegjerlhub in Belgium. Referred to
collectively as “hubs”, they have neither the sameenomic role nor the same economic
importance; the historical domination of the NBRplains why almost all empirical papers
addressing European gas markets have neglecteafdrementioned European continental
hubs. Heather (2012, 2015) thus distinguishes k@iweading (NBP and TTF), transmission
(NCG, and PEG North and South) and transit (ZEE@B&H) hubs. Albeit other hub prices
could have been considef&dthis study thus encompasses the vast majorityonfinental
gas prices and distinguishes itself from existituglies in this respect. We also use daily data
for the HH, the Japan-Korean marker, oil and comes. A point must be made concerning
the oil price series chosen here. In contrast tstieg empirical papers relying on weekly or
monthly time series of Brent or WTI front monthqas, we opt for a “long-term oil index”,
which is simply a six-month moving average of Brdatily prices. The primary reason for
this choice is that long-term sales agreementsabaral gas, which are indexed on crude oil
prices, largely rely on a price formula and notweekly or monthly oil prices as such. Based
on industry practices, this six-month moving averéige series appears to be a much more
reliable indicator of a potential common dependempen oil prices than are the raw data

"NBP, Henry Hub and JKM prices are converted intmeusing the daily pound-euro exchange rate a@d th
daily euro-dollar exchange rate.

8 Formerly known as Baumgarten.

° Literally “Gas Exchange Point”.

2 Sych as the “Punta di Scambio Virtuale” in Portuga

1 Hence, according to a “6.1.6 sell/purchase agre&meatural gas is bought athy an electricity producer at
a six-month moving average price and sold at theegarice (+margin) for next six months, the deahpen
the table for one month.



We also choose to consider the API2 coal pfieenereas previous studies do not. The main
reason for that choice is that, akin to oil, ndtgas has proved a substitute to coal-fired
thermal plants. According to the so-called clearkdgpread (CDS) and clean spark spread,
i.e., the difference between the price at which eledyrican be sold to the grid and the costs
to produce it either by consuming natural gas al @mce the environmental aspects are
considered, there is a price for natural gas umdech power companies will favour natural
gas rather than coal. The time span of this ridiastd differs according to the prices under
consideration. For most prices, we use data fro5/2004 to 12/01/2018. For PEG North,
NCG, CEGH and PEG South however, our time seriag stspectively with 02/12/2005,
02/10/2007, 15/09/2009 and 09/29/2009. Note thatl Gata only start from the 18/08/2006.

Table 1 presents descriptive statistics of the ridga of the different prices under
consideration in this paper, and Figures 1, 2, 3fidresent the evolution of the different
prices in the level.

Table 1. Descriptive statistics of natural gas, oil andl qgoaces

Std.

Mean Median Max. Min. Dev. Skew. Kurtosis JB Obs. Start Date
Belgium
(ZEE) 2.893 2.947 4.565 0.908 0.350 -0.277 3.210 67.851 4648 12/01/2004
Netherlands
(TTF) 2.885 2.950 4.060 0.875 0.326 -0.490 2.615 215.022 4648 12/01/2004
U.K. (NBP) 2.891 2.937 4.569 0.742 0.359 -0.305 3.342 94.923 4648 12/01/2004
Germany
(Gaspool) 2.890 2.958 4.054 0.916 0.324 -0.480 2.586 211.510 4648 12/01/2004
Germany
(NCG) 2.986 3.067 3.711 1.939 0.294 -0.915 3.196 474.585 3365 02/10/2007
France
(PEG-North)  2.970 3.045 4.190 1.841 0.320 -0.593 2.993 234.346 4000 02/12/2005
France
(PEG-South) 3.0523.094 3.773 1.821 0.290 -0.568 3.245 151.010 2682 26/09/2009
Austria
(CEGH) 3.034 3.084 3.689 2.327 0.243 -0.773 2.698 278.156 2693 15/09/2009
U.S. (Henry
Hub) 2.770 2.659 3.963 2.021 0.362 0.619 2.899 298.375 4648 12/01/2004
Japan-
Korean 3.243 3.237 3.928 2.220 0.435 -0.330 2.094 151.770 2903 02/02/2009
Oil 3.124 3.125 3.565 2.197 0.319 -0.699 3.184 384.687 4648 12/01/2004
Coal 4,164 4.120 4.956 3.631 0.250 0.434 2.866 120.634 3754 18/08/2006

Note: All variables are expressed in the logaritbrfarm. JB denotes the Jarque-Bera statistic

European gas prices blatantly exhibit very simidraracteristics, particularly German
(Gaspool), Belgium (ZEE), Dutch (TTF) and BritisdBP) natural gas prices, suggesting that
the difference between those prices could be malkgihe existence of continental
interconnectors combined with the fact tisatme hubs play a leading role in gas contract
pricing compared to others, is one of the obvioydanations for this similarity. The pricing
role of natural gas exchanges, such as Powerrextztiropean energy exchange (EEX) or

12j.e.,the benchmark price reference for coal imported imirthwest Europe.
Y See Appendix.



the ICE in Europe, is also part of the answer. dmtast, Figure 2 suggests a different
evolution for NBP, Henry Hub and the JKM. We camagk on a similar pattern for NBP and
Henry Hub until 2010, with a higher volatility fodédBP. However, at the end of 2010, Henry
Hub, the JKM and NBP appear to decouple and exhéry different patterns. Finally, after
2015, these three prices appear to recouple afalldav a similar evolution. Figure 3 offers
evidence of a similar trend between NBP and oitgmj whereas the relationship with coal
prices appears more difficult to identify.

3.2. Empirical methodology

In this paper, we are interested in the integratbthe world gas market. In particular, we
aim to distinguish a cointegration relationshipwestn natural gas and oil prices due to world
market integration. Furthermore, the paper is disdicated to a potential effect of LNG on
the European gas market. To achieve this purpose,rely on different econometric
approaches, from linear cointegration tests to@oveesrror-correction model with structural
breaks. We also implement threshold cointegrathdlhmodels considered in this study are
bivariate models. However, before using cointegratinethods, we must test the order of
integration of gas, oil, and coal prices.

3.2.1. Structural change and unit root tests

Before proceeding to the cointegration tests, tlopgrties of the time series must be studied.
For this purpose, we apply Augmented Dickey-FUWEDF) to test the order of integration of
each variable retained in the analysis. For a itoless check, we complement this test with
the stationarity test developed by Kwiatkowski, IRy8, Schmidt and Shin (1992), which
tests the null hypothesis of stationarity instefidhe existence of a unit root as in the ADF
and PP tests. Using both types of test is impotianause the ADF test has low power if the
process is stationary, but with a root close tortba-stationary boundary, the test tends to
reject the non-stationarity hypothesis too oftee TKPSS complements the ADF test
because, in contrast to the latter, which assesgesiull hypothesis of the unit root, the
former tests the null hypothesis of stationarityisla very powerful test, but it cannot catch
non-stationarity due to a volatility shift.

Because we employ data on a very long-time sparyéads), gas, oil and coal prices series
can however contain a variety of structural changigés to economic, political or external

shocks in the long term. Figures 1, 2, and 3 confimultiple structural changes in the series
under scrutiny. However, if the presence of stmattbreaks in the series is not considered
when using unit root tests, this can lead to misi§pation errors (Ketenci, 2016).

Consequently, we rely on the Perron and Yabu (2688)to determine whether there are any
structural changes in the deterministic componehgsunivariate time series. This test can be
applied when whether the series (here differentegii is trend stationary or contains an
autoregressive unit root is a priori unknown. Peramd Yabu (2009) develop a test of the
null hypothesis of no structural change in the wheteistic components and employ the test
statistic Exp-Ws based on robust quasi-flexible generalized legstues (FGLS). Three

models can be used for the estimation: the firstiehtesting for the presence of a structural
break in the level of a variable (model I), them®t model testing for a shift in the slope of
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trend (model Il) and the third model testing faustural changes in both the level and the
slope of the time trend.

If the presence of a structural break is deteatatie deterministic components, standard unit
root tests such as ADF or KPSS can lead to inctamgisesults. Several tests have been
implemented in the empirical literature to consitlexr existence of breaks in time series. The
most commonly used tests are those from Zivot amdrédws (1992), allowing for one break,
and from Lee and Strazicich (2003), allowing fopotlareaks. However, both tests assume that
the break occurs only under the alternative hymisheof stationarity. This result is
undesirable, particularly if the Perron and Yabst teuggests a structural change in time
series. Kim and Perron (2009) propose a new methetdallows a break at an unknown time
under both the null and the alternative hypotheSasrion-i-Silvestreet al. (2009) extend this
methodology and develop a test that permits upvin lfreaks at unknown times in both the
level and slope of the time trend. Their test isdoshon a quasi-generalized least squares
(GLS) detrending method proposed by Elliettal. (1992) that allows tests to have a local
asymptotic power function close to the local asytiptGaussian power envelope. Therefore,
if the presence of a structural change in a timeseas confirmed by the test of Perron and
Yabu (2009), we rely on the Carrion-i-Silvesgiteal. (2009) unit root test.

In this paper, we use the model Il of the Perrnd &abu (2009) test, which corresponds to

the model Il of the Carrion-i-Silvestret al. (2009) test. Indeed, as depicted in Figures 1, 2,
and 3, it appears that all series have experienadtiple structural changes in both intercept

and time trend.

3.2.2. Structural breaks and cointegration

Standard cointegration tests enable verificatiothefexistence of the law of one price (LOP)
and thus the perfect integration of markets. Unities approach, identical goods traded at
different locations in an integrated market mustehthe same long-term price once transport
and other transfer costs are considered. Howeverlamatory power of standard linear
cointegration tests could nonetheless be stronfjgctad by the presence of breaks in the
level, trend, or slope coefficients in the cointdgm relationship because it changes the
asymptotic distribution of the test (Perron, 1989preover, Gregory and Hansen (1996a)
have demonstrated that the null hypothesis of mat@gration might not be rejected when the
cointegrating relationship is unstable. Theref@@ndard cointegration tests could lead to
accepting the null hypothesis of no cointegratietween gas prices only because there is a
break in the level function in the long-term redaghip. Therefore, the test could lead to
rejecting the hypothesis of an integration of tlaural gas market. Indeed, as depicted in
Figures 1, 2 and 3 in the Appendix, gas prices hax@erienced structural changes; the
relationships between these prices could have edothhirough time, for instance with a
decrease in transportation costs.

Consequently, Gregory and Hansen (1996a, 1996l® daveloped a residual-based test that
allows addressing shifts in both level and trenige procedure tests the null hypothesis of no
cointegration against the alternative of cointagratn the presence of level shift (Model 1);
level shift with trend (Model 2); and regime shift, which intercept and slope coefficients
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change (Model 3). Furthermore, Gregory and Han$886b) add a more general formulation
of the test by specifying a regime shift in whiclerrcept, slope coefficients and trend change
(Model 4) in the alternative hypothesis. In theeca$ testing cointegration between two
prices, the model can be written as follows:

Pl = By + ook + a1t + ayt@y + pl P+ Ui PEQy + & (1)

where P! andP? are the logarithm of prices (gas, oil or co@#l), u; anda; the intercept,
slope coefficients, and trend coefficient, respetyi, before the regime shift, arfy, u, and
a, are the corresponding changes after the breale fiat:

P = 0if t < [n1]
{(ptk =1if t > [nt]

wheret denotes the timing of the changing point, ancefjates integer part.
The test statistics for the Augmented Dickey FURDF) and Z and Zof Perron are:
ADF* = Inf,.7ADF (1), Z; = InfrerZ,(t) andZ; = InfrorZ: (7).

In this paper, we initially rely on the test propdsy Gregory and Hansen (1996b) based on
model 4.

However, the test developed by Gregory and Hansén allows testing for one structural
break in the alternative hypothesis. Maki (2012)pmsed a new cointegration test that allows
identifying up to five different unknown breaks. &ltest is a residual-based model that
assumes that the maximum number of breaks of timegpating vector is less than or equal
to the maximum number of breaks. Maki (2012) presi@évidence that the case of one break
is consistent with the cointegration models of Grggand Hansen (1996a, 1996b), whereas
the case of two breaks is similar to the model aférhi-J (2008). Furthermore, using Monte
Carlo simulations, Maki (2012) shows that the pamabtests perform better than do the tests
of Gregory and Hansen (1996, 1996b) and HatemBO§Pwhen three breaks or more are
considered in the cointegration relationship.

Maki (2012) proposes four different models to testcointegration with multiple breaks. The
first one assumes multiple breaks in the interceptout trend, the second one assumes
multiple breaks in both intercept and slope cogdfits without trend, the third model assumes
multiple breaks in intercept and slope coefficiemish a time trend, and the fourth one
assumes multiple breaks in intercept, slope coeffis and trend. The last model can be
expressed as follows:

k K k
Pl =B + z Ba2i @it + ast + Z ait Pt + uiP? + Z Iig,iptzfpi,t + U (2)
i=1 i [

i=1 =1

whereg; ; represents dummy variables equal to L3 Ty ; andTy; denotes the period of the
break. Note thak is the maximum number of breaks, which is set.tBibally, all variables
must be I(1) for the implementation of the Maki 120 cointegration test.
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However, the assumption of a perfect integratedcketar.e. the verification of the LOP, must

also be tested. If the LOP is verified, any diffexes between prices will lead to arbitrage
opportunities, and prices will consequently coneeagsingle value (Nick and Tischler, 2014).
Nevertheless, although this theory assumes nodctina costs, they are of high importance,
particularly in the gas market. Therefore, a pspeead between two markets will converge
towards transaction costs. In this case, therd arigtrage opportunities if the price in market
i is different from the price in markpbnce transaction costs are considered, such as:

{Pi<Pj—<P

Thus, any decrease in transaction and transfes ¢gstsuch as innovations that permit drop-
in transportation costs, will decrease the priceeap between two markets. Indeed,
transportation costs can justify differences inurat gas prices between two different
geographic areas, for example the Asian and Europearkets. Following Aschet al.
(2002) and Siliverstost al. (2005), we construct a Wald test and restrictdbiategrating
vector between a pair of prices #s= (1;—1), including an intercept in the long-run
relationship, to test this hypothesis.

3.3.3. Threshold cointegration and asymmetric Ex@arrection Model (ECM)

Testing for a structural break using the methodettped by Maki (2012) allows identifying
changing coefficients in the long-term relationsbgiween prices. Nevertheless, although we
consider only one long-run equilibrium, it is alsoportant to assess the possibility of an
asymmetric adjustment towards this equilibrium.ged, the standard linear method assumes
that the adjustment mechanism to reach equilibiigisymmetric. However, in some cases,
there could be non-linearity in the relationshipl atherefore, asymmetric adjustment. This
point is particularly true when assessing the eabé dynamics between prices when
transaction costs exist. This phenomenon couldebed using threshold cointegration tests
and threshold error correction models (TECM). Bakel Fomby (1997) introduce a method
that combines both non-linearity and cointegrationtest for the presence of a threshold
effect. In the empirical literature, several testave been implemented for threshold
cointegration (see Enders and Silkos, 2001; Lo Zudt, 2001; Hansen and Seo, 2002). In
this paper, we rely on the test procedure propdsedEnders and Siklos (2001). In the
standard Engle and Granger (1987) two-step metihedexistence of cointegration is tested

using an ADF test on the residual | of the equation describing the long-term relathup.

However, this approach is not consistent if theisttpjent mechanism is nonlinear. Therefore,
Enders and Siklos (2001) propose modifying the desthe residuals to allow for non-linear
adjustment as in the following:

k
Agt = Itplgt—l + <1 - It)p2£t—1 + Z J/iAgt—l + ut (3)

=1

where g, o, and y, are the coefficientsk is the number of lags anl is the Heaviside
indicator function such that:

13



I _{lifet_lzr
E70if g <7

wherelis the threshold value. These two equations défiaghreshold autoregression (TAR)
model. This model allows non-linear “deep” movenseint the residuals. As an alternative
adjustment process, Enders and Siklos (2001) atgmope the momentum threshold (MTAR)
model in which only the Heaviside function diffexs in the following:

I _{1ifA£t_12T
E70if Agy <

In the MTAR model, thes, series exhibits more "momentum” in one directibantin the

other. This model is more accurate for price chartpat display more momentum in one
direction than in another (positive or negative).

Note that there are two approaches to determinghtieshold value. The first one is to set
exogenously the threshold to zer@.( 7 =0). The second one is to determine the valué of
endogenously by the dataset. In this case, the Iscale called consistent-TAR and
consistent-MTAR. In this paper, we rely on the setanethod and set the threshold
endogenously using the search method developed han G1993). According to this

procedure,£,_ for the TAR model andA¢,_ for the MTAR model are sorted in ascending

order, and the lowest and highest 15% of ttimeshold values are excluded. Then, on the
remaining 70% band, we consistently estimate tmestiold value if given by the lowest
residual sum of squares. In this paper, we wartesp for asymmetric cointegration using
consistent-TAR and consistent-MTAR models. The chdetween the two types of model is
made using the AIC and BIC information criteriaim&Enders and Siklos (2001). Finally, we
examine the existence of a non-linear cointegrattationship between different prices using

two tests. First, the F-statistics, callé®d and CDux , are used to test the null hypothesis of no-
cointegration 0 = 0, =0) in the TAR and MTAR models, respectively. If thgpothesis of

no-cointegration is rejected, we test for the myjbothesis of symmetryq = 0,) using a
standard F-test.

We rely on this approach to test for threshold wgration. If threshold cointegration is
confirmed by the test provided by Enders and SikRi¥)1), we can estimate the following
asymmetric error correction model with thresholthtegration as developed in this study:

k k k
AP} = a +9TECM} | + 9 ECM;_, + Z B APMY + Z B APYT + Z §FAP>T
i=1 i=1 i=1

i
i (4)
+ Z STAPPT + 1

where AP} and AP? are the natural gas prices in the U.K., Asia @ thS. in the first
difference, andu, is the error term. Following Sun (2011), all ofetlagged gas price
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variables in the first difference are split intospiive and negative components (superscripts +
or — in the equation). For examplep"] = PL, — P-, if P, < PL,, and O otherwise.
Note that the optimal lag value (k) is chosen agicgy to the minimum value of the BIC and
according to the Ljung-Box :to have no serial autocorrelation in the residualsally, the
error correction term (ECM) is constructed accogdio the value of the threshold and using
the Heaviside functidii. Note that one of the main drawbacks of this apghds that it only
allows one threshold. However, it could be suffiti¢o assess the existence of market
arbitrage between natural gas prices.

It should be noted that the existence of explodbehaviour in price dynamics and
heteroscedasticity affect the size of unit root eothtegration tests and can therefore bias the
long-term relationships results. A robustness chesikg weekly data is therefore imperative
to ensure that results are valid. Thus, we first ®ur weekly time series for explosive
behaviour using the recursive test procedure pexpby Phillips, Shi, and Yu (2015), which
has proved to be more robust than the Phillips, aWd Yu (2011) test in the presence of
multiple explosive episodes. Second, as the PSiYatlesvs us to reject the hypothesis of an
explosive behaviour at the 5 % level for most &f #tudied pricés, we apply all unit root
and cointegration tests to our weekly data. Theltesare consistent with the ones using daily
datd®,

4. Results
4.1. Time series properties of prices

As discussed in the previous part, we initiallyastigate the existence of structural changes
in the deterministic components of our data usimg test proposed by Perron and Yabu
(2009)’. Table 2 reports the test statistic Exgdi and the date of the structural break
detected for each price.

The null hypothesis of absence of a structural bbreaboth the level and slope of the time
trend is rejected for series under scrutiny in study, suggesting that there is at least one
structural change in each price series. This boeakirs in 11/2010 for ZEE, NBP and PEG
North, in 2012 for PEG South, CEGH, TTF, NCG, Gadpand JKM, in 2008 for Henry
Hub and Coal and in 2013 for oil. Therefore, iingportant to account for possible breaks
when investigating the stationarity of our varial@led standard unit root tests, suggesting that
all prices are integrated of order one, loose tlefianatory powet.

' For the analysis, we rely on the R-package AP Ttewriby Changyou Sun (2011).

!> See Table A.3. in the Appendix.

'® The results of these tests are available in thie@Appendix.

7 We use the GAUSS code kindly provided by Pierned®e(http://people.bu.edu/perron/code.html).
'8 See Table A.1. in the Appendix for results conrggstandard unit root tests.
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Table 2. Perron-Yabu test for structural changes in therdahistic components

Exp- W-RQF Break datecv(1%) cv(5%) cv(10%)

Panel A: Gas prices

Belgium (ZEE) 194.683
U.K. (NBP) 139.704
France (PEG South) 28.286
France (PEG North) 54.407
Austria (CEGH) 130.766
Netherlands (TTF) 397.085
Germany (Gaspool) 389.331
Germany (NCG) 69.432
U.S. (Henry Hub) 40.186
Japan-Korean (JKM) 27.221
Panel B: Oil and Coal

Oil 116.286
Coal 19.719

24/11/20104.47
22/11/2010 4.47
01/10/2012.48
22/11/20101.48
03/04/20124.48
26/08/20124.48
03/09/2012.48
03/05/20104.48
11/12/20084.48
04/06/20124.48

05/05/2013 4.48

10/10/2008 4.48

3.12
3.12
3.13
3.13
3.13
3.13
3.13
3.13
3.13
3.13

3.13
3.13

2.48
2.48
2.49
2.49
2.49
2.49
2.49
2.49
2.49
2.49

2.49
2.49

Note: Trimmer parameter is equal to 0.15. The caitivalues are taken Table 2c¢ of Perron and YalR092.

Table 3 provides results of the GLS-based unit nest from Carrion-i-Silvestreet al.

(2009)°.

Table 3. Results of Carrion-i-Silvestret al. (2009) unit root tests with structural breaks
il MZzEYS  MSBPLS  MZELS  Numbers of breaks

Austria (CEGH) 13.91 12.88 -29.42 0.129 -3.90 4
[6.77] [6.77] [-51.10] [0.098] [-5.03]

Belgium (ZEE) 10.34 8.32 -42.21 0.108 -4.59 4
[6.91] [6.91] [-48.30] [0.101] [-4.86]

Netherlands (TTF) 9.03 7.602 -45.39 0.105 4.76 4
[6.54] [6.54] [-50.32] [0.099] [-4.99]

U.K. (NBP) 10.02 7.86 -44.63 0.105 -4.72 4
[6.59] [6.59] [-50.48] [0.099] [-5.01]

France (PEG North) 12.04 11.06 -24.58 0.142 -3.51 3
[5.90] [5.90] [-44.59] [0.105] [-4.70]

France (PEG South) 5.68 5.58 -29.768 0.129 -3.85 4
[5.56] [5.56] [-28.34] [0.126] [-3.79]

Japan-Korean (JKM) 19.51 18.53 -20.05 0.157 -3.16 4
[6.99] [6.99] [-50.13] [0.099] [-4.99]

U.S. (Henry Hub) 13.39 11.11 -33.82 0.121 -4.11 4
[6.80] [6.80] [-51.05] [0.099] [-5.05]

Germany (Gaspool) 10.141  9.288 -37.13 0.115 -4.304 4
[6.49] [6.49] [-50.43] [0.099] [-5.00]

Germany (NCG) 10.02 9.74 -16.87 0.171 -2.89 1
[5.21] [5.21] [-30.17] [0.126] [-3.89]

Oil (Index) 251.70 237.31 -1.07 0.496 -0.53 5
[6.79] [6.79] [[57.11] [0.093] [-5.31]

Coal 34.96 33.63 -10.25 0.219 -2.25 4

 We use the GAUSS code kindly provided to us by eposLluis Carrion-i-Silvestre

(http://www.eco.ub.es/~carrion/Welcome.html).
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[6.75] [6.75] [-48.78] [0.101] [-4.92]
Note: Critical values for the 1 % level significanare in brackets. The test is implemented for mode
lll, where the structural break affects both thevde and the slope of the time trend.
PELS is the feasible point optimal testPSLS is the modified point optimal te$tZSS is the modified
Phillips-Perron MZ test, MSB¢LS is the modified Sargan-Bhargava test, add’"S is the modified
Phillips-Perron MZ test.

It reveals that all of the price series under soyutre non-stationary. Indeed, the null
hypothesis of the presence of a unit root wittructure cannot be rejected for each variable
at the 1% level. Nevertheless, the null hypothésisejected at the 1% level for the first
difference of our variables, suggesting that theyiategrated of order one (I(1)), as shown in
previous studies (Siliverstat al, 2005; Ramberg and Parsons, 2015).

4.2. Structural breaks and cointegration tests

Table 4 reports the results of the more generahfitation of the Gregory-Hansen test, which
allows a regime shift in which intercept, slopefticents and trend change (Model 4). Panel
A displays results concerning the cointegrationwieen European gas prices and HH.
According to both Zand Z statistic tests, the null hypothesis of no coirdgign is rejected at
the 5% level in all bivariate tests, with the exto@p of CEGH and HH. Two closely related
reasons can be considered to explain this latgedtref no cointegration between the CEGH
and the HH. First, most of the hubs consideredhia study are located in Northern or
Western Europe. The CEGH is, on the other handtiposd in Central Europe, which gives
it a particular role, directly or indirectly inflneed by the reality of gas flows between Russia,
Ukraine and Europe. The manifold tensions that halmgued Russian-Ukrainian relations
over the past ten years have resulted in tempa@aspensions of Russian gas supplies to
Ukraine and, as a result, a temporary change iofg&an gas flows, traditionally oriented
from east to west. Secondly, and as Petrovski (R@bints out, physical bottlenecks at
Oberkappel (Austria), the interconnection pointwestn the German MEGAL pipeline and
the bi-directional WAG pipeline, may explain thesacbnnection between CEGH and NCG
prices in Germany and therefore, in our study, whthse of the HH.

Results are very similar for the JKM since the rylpothesis of no cointegration between
Asian and American prices cannot be rejected dverperiod studied. Consequently, it is
reasonable to assume that there has been no caimegbetween the JKM and Henry Hub
since 2009. Conversely, we note that there is ategiation relationship between European
prices and HH, but it exhibits a structural bredkis break could be interpreted as the
verification of one of the first conditions for demstrating the integration of these two
regional areas. However, this statement shoulduadifigd inasmuch as different causes can
be conducive to the same outcome, i.e., a commpandkence upon oil prices. In reality, as
highlighted by Neumann (2009), Ritz (2014) and @dlet al. (2015), this result testifies to
the fact that U.S. gas markets have profoundly gbdmwith the shale gas boom.
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Prior to this “revolution”, the integration betweeayas and oil prices was enabled by
substitution possibilities between oil and gastHa European case, the prevalence of oil-
indexed long-term contracts ensured the existemicae long-term relationship. Due to the
shale gas revolution, the growth in the U.S. gggpluoutpaced the increase in demand.
Combined with low LNG export capabilities, this iease led to a surge in inventory levels
and pushed gas prices off a cliff, whereas theyndidfall so precipitously in other parts of
the world. Furthermore, we shed light on the fdett tthe different breaks detected in the
relationship between European and American gagp@ppear to coincide. Indeed, for five
European gas prices, the break date in the coatiegrrelationship is identified in October
2010. Consistent with Aschet al. (2013), this result provides further evidence dégnation

of the European market because the break datemsicgdl among almost all European prices
and the Henry Hub. A cointegration relationshiphwat structural break is also confirmed for
all European prices with the Japan-Korean Markére $tructural break appears to occur
around May 2010 for almost all European prices. Elav, these results must be interpreted
in light of the cointegration relationship betwesatural gas and oil prices. For the latter, we
indeed reject the null hypothesis of no cointegratin almost all cases. Thus, the
cointegration relationship between natural gas@hgrices displays a structural change over
the period considered. For almost all Europeanpa®s, the break date occurs in 2010,
confirming that the relationship between naturad gad oil prices evolves through time and
appears to be nonlinear as suggested in partibylahscheet al. (2017). Only the JKM
appears not to be cointegrated with oil in theque2009-2018. Finally, we also find that all
natural gas prices are cointegrated (with a strathreak) with coal prices with the exception
of the CEGH. Here, the break for European pricésassame for almost all prices, suggesting
that European prices share a common stochastid, teevdl is detected for May 2010. For the
HH, the break is found in March 2086 Not surprisingly, Table A.2. highlights that all
European gas prices are co-integrated around ewwstalibreak.

We then use Maki's (201%)approach to test for more than one break in thietegration
relationship between European gas prices, Henry, HiebJKM, oil and coal prices. Results
of Maki’s (2012) cointegration test are demonsttateTable 5.

The results imply that the null hypothesis of nantegration between almost all European
prices and Henry Hub can be rejected at the 5%, lexth the exceptions being CEGH and
French PEG-North. The test reveals that three tstraic shifts are detected in the
cointegration relationships. The same results aued for natural gas and oil prices, with the
exception of the JKM, confirming our previous cargibn that the JKM is not cointegrated
with oil, even when multiple breaks are allowedha cointegration test.

%0 Because this work is not dedicated, as such,dattalysis of the link between natural gas prices ather
energy sources, we do not investigate further ig@ficance of this break date.
2L We are very grateful to Daiki Maki for providing the GAUSS code to implement cointegration tests.
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Table5. Maki's (2012) bivariate cointegration tests result

European gas prices and JKM with U.S. Henry Hub

Statistics Critical value Break dates
Belgium (ZEE) -6.971** -6.524 03/10/2006; 07/11/3003/06/2014
U.K. (NBP) -6.600** -6.524 20/03/2006; 07/11/20@®/06/2013
Netherlands (TTF) -6.775** -6.524 03/10/2006; 1020D8; 03/06/2014
Germany (Gaspool) -6.877** -6.524 03/10/2006; 102008; 30/10/2014
Germany (NCG) -7.294%** -6.524 20/03/2009; 16/1212004/06/2014
Japan-Korean -5.785 -6.524
Austria (CEGH) -5.250 -6.524
France (PEG South) -7.619%** -6.524 09/12/2012,0202014; 10/01/2016
France (PEG North) -4.820 -6.524

Gas prices with oil
Belgium (ZEE) -8.455%+* -6.524 20/03/2006; 31/12() 28/03/2013
U.K. (NBP) -8.138*** -6.524 20/03/2006; 31/12/20083/06/2013
Netherlands (TTF) -7.514%** -6.524 03/10/2006; 10/2008; 22/05/2014
Germany (Gaspool) -7.646%** -6.524 03/10/2006; 132D08; 22/05/2014
Germany (NCG) -6.600** -6.524 06/10/2009; 07/02/2031/10/2013
Japan-Korean -5.547 -6.524
Austria (CEGH) -5.324 -6.524
France (PEG South) -7.205** -6.524 02/10/2011; 42013; 24/10/2014
France (PEG North) -7.467** -6.524 11/03/2008;1082009; 07/02/2012
United States (HH) -5.586** -5.541 28/09/2009
European gas prices with Japan Korean (JKM)

Belgium (ZEE) -6.808*** -6.100 05/07/2010; 29/032D
U.K. (NBP) -5.877* -6.100 21/06/2013; 13/11/2015
Netherlands (TTF) -6.781*** -6.100 30/09/2001; 232013
Germany (Gaspool) -5.821*** -5.541 13/05/2010
Germany (NCG) -6.303** -6.100 29/03/2013; 03/04/201
Austria (CEGH) -5.239 -6.100
France (PEG South) -8.533*** -6.100 02/10/2011,0422013
France (PEG North) -6.781*** -6.100 08/06/2010;042013

Note: Critical values at the 0.05 significance leaee from Table 1 of Maki (2012). *, **, *** denet the
rejection of the null hypothesis of no cointegratilBreak dates are obtained by using Maki's (2012)

cointegration test.

4.3. Long-term estimates

Because the presence of cointegration between ahaggas and oil prices has been
demonstrated, we can estimate the long-term relstip between all pairs of prices. We
employ the Dynamic Ordinary Least Squares (DOLY)reqch to estimate all long-term

relationships:

Pl=a+ BP?+¢ (5)

Note that we allow for the presence of a trendha tong-term relationship, as tested
previously using the Gregory and Hansen (1996b)Maki (2012) cointegration tests.
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Tables 6 and 7 report the long-term estimates $Egncluding the test for the LOP that tests

the hypothesis that the slope coefficient is eqoiane for the pre- and post-structural break
periods specific to each pair of prices and deteate Gregory and Hansen (1996b) and

Maki’s (2012) cointegration tests. Table 6 focusseshe European gas market, and Table 8
emphasizes results for European, U.S. and oil price

Table 6. Estimation of long-term coefficients (DOLS, Battl&ernel, Newey-West fixed
bandwidth)- European natural gas market

With U.K. NBP With Netherlands TTF

First period Second Break date| First period Second Break date
period period

Austria (CEGH) 0.852%** 0.564*** 28/05/2016 0.842%* 0.908*** 06/02:2015
(0.020) (0.033) (0.018) (0.013)
LOP 51.35%** 177.27%* 74.45%* 49.36%*

Belgium (ZEE) 0.852%** 0.987*** 23/06/2006 1.695*+* 1.020*** 15/12/2006
(0.041) (0.006) (0.087) (0.006)
LOP 13.05** 3.94** 63.56%** 10.80***

Netherlands (TTF) 0.441*** 0.960*** 04/10/2006
(0.048) (0.009)

LOP 135.12%** 17.79%*

Germany (Gaspool)  0.429*** 0.945%** 04/10/2006 0.985*** 0.987*** 22/04/2008
(0.047) (0.010) (0.002) (0.004)

LOP 143.84*** 28.82*** 42.61%** 10.14%**

Germany (NCG) 1.018** 0.960%*** 05/11/2009 0.920***  (0.975%** 31/03/2009
(0.021) (0.012) (0.016) (0.004)

LOP 0.743 9.65%** 22.86*** 32.22%*%

France (PEG North)  0.826*** 0.957%** 28/04/2008 0.535** 0.993*** 07/09/2006
(0.022) (0.010) (0.219) (0.005)

LOP 59,53*** 19.14*** 4,47 1.945

France (PEG South) 0.838*** 0.968*** 24/10/2014 0.868*** 1.010%* 21/10/2014
(0.023) (0.077) (0.019) (0.060)

LOP 47 A7 0.167 46.36%** 0.044

Note: The different periods correspond to the brdates detected using the Gregory and Hansen ()9&@ibtegration test. *, **, ***
significant at the 10%, 5%, and 1% level, resp&tyivA Wald test of the null hypothesigsefl has been implemented to test for the LOP

hypothesis

Unsurprisingly, our results show that most of thedpean gas markets considered in this
study have become integrated in recent years, ththCEGH being the exception for the
reasons mentioned above. The structural breakdkesstdy show that 2006 was a pivotal year
in this regard for the Belgian, Dutch and Germaagi®ol) markets. However, this statement
does not apply to all European markets, due inquaar to differences in the timeframes of
the price series considered here. The estimatettegpating vectors between these prices
(except CEGH) thus range between (1,-0.9) and.(R}lin the second periods of the study.
Furthermore, the LOP is accepted between PEG SmaiNBP, and between PEG South and
PEG North and TTF. This result complements the iptesv analysis of Renou-Maissant
(2012) which is based on industrial prices to esdrs, using more European prices and for a
more recent period. Although there are exceptitrappears that there is a strong integration
of natural gas markets in continental Europe, paldrly between France South, Netherlands
and Germany (Gaspool). In contrast to Renou-Maisg20il2) however, we find that the
Belgian market is integrated with some other cantial markets, even including the U.K.
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Furthermore, it appears that almost all continemarkets are integrated with the NBP,

showing what might be interpreted as an increasamyergence process between continental
countries and the U.K since the study of Renou-b&s (2012). Beyond this simple fact,

however, much can be said of the nature of thivemence process. The NBP and the TTF
(to a lesser extent) have been the most liquid lgalss in Europe because of the

comprehensive liberalization process through whleey have been. Hence, one can ask
whether this higher degree of price interdependéndbe result of an increased reliance in
Europe on NBP and TTF as reference market pricesamversely, the consequence of a
deepening of gas continental European marketspsraise of the single European market
wanted by regulatory authorities.

If we investigate the integration between the Eaevpand the U.S. gas markets, the picture
appears to be quite different (Table 7). Firstpéllhe Wald tests reveal that the hypothesis of
perfect market integration between Europe and ttfe.,lAnd between Europe and Japan-
Korea is rejected at the 1% level. This result nesyaalid in post- and pre-break periods.
Unsurprisingly, this point demonstrates that eveth the development of LNG and fall in
transportation costs, there remains no perfecgiaten of the natural gas market.

As suggested in the introduction, the rise of theefican LNG could encourage this
integration. However, the first U.S. LNG exportgae in 2016; thus, it remains too early to
measure their effects. This point is even trueregithat cost logic must naturally be
considered and that, from this point of view, Aman LNG remains on average more
expensive than land-based gas delivered to Eutdpeever, results suggest that the degree
of integration between Europe and the U.S. hasas®d, particularly in the last period of
study (since May 2014). Indeed, the long-term coieffit has recorded shifts over the whole
period as revealed by cointegration tests. Untd&(¥irst period), European and U.S. gas
prices appears to co-evolve, and on average, tbefficent was approximately 0.5.
Nevertheless, this coefficient is not significant NBP and Gaspool in this first period
(2004-2006). For all European prices, with the ptioa of NBP, the long-term coefficient is
small until 2014, suggesting a weak integrationnadrkets. However, after 2014 (fourth
period), the cointegrating vector is high, and kbreg-term coefficient is on average 0.65,
revealing a higher degree of integration betweemfean and U.S. gas markets. This point is
particularly true for German Gaspool, with a loegat coefficient of 0.876 for the period
October 2014—January 2018.

Conclusions concerning co-movements between Eumoeal Japan-Korean prices are
different. Indeed, our results reveal a strong tegrating vector in the first period, i.e.,

between February 2009 and September 2011, for foFRnstance, followed by a period of

decoupling of almost all European prices and th#.JKhen, in the last period, i.e., since

March 2013 for almost all prices, the cointegratuggtor is again important and on average
approximately 0.5.

If we analyse these results in the light of co-moeats between natural gas and oil prices,
new insights appear (Table 7).
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Indeed, results in Table 7 highlight a less intdnsg-term relationship between some natural
gas and oil prices in the last period, i.e. sinGyM014 (TTF and Gaspool), and in the third
period, i.e. since December 2009 (ZEE and NBP).ré@l\eit seems that the long-run
relationship between gas and oil prices is lesns# in the last two periods that in the first
two periods. On the one hand, we find a strongentegrating vector between European and
U.S. gas prices on average. On the other handingeaflower cointegrating vector between
European gas and oil prices. The association ddetltevo phenomena is, in our view,
indicative of the deep transformation of the matketards greater integration or, at the very
least, of an increase in physical arbitrage straseg

4.4. Threshold cointegration and asymmetric ECM

Table 8 reports the results of the asymmetric egiration test proposed by Enders and Siklos
(2001), which tests the null hypothesis of no cegnation against the alternative of threshold
cointegration (Eq. 3). Notice that we present aelsults for the consistent-MTAR (or TAR)
models selected according to the minimum valuel@f énd BIC.

Table 8. Threshold cointegration tests for natural gas ésednd Siklos, 2001)

NBP and HenryHub TTF and NBP and NBP and TTF and

Henry Hub and JKM  Henry Hub TTF JKM JKM
Model Consistent Consistent Consistent Consistent Consistent Consistent
MTAR TAR MTAR MTAR MTAR MTAR
Lag 2 1 2 2 2 2
Threshold 0.032 -0.143 0.027 -0.021 -0.005 -0.004
P1 -0.054*** -0.015%** -0.026*** -0.059%** -0.022%** -0.035%**
(-8.667) (-3.872) (-4.080) (-6.590) (-3.590) (-6.242)
P2 -0.006* -0.005 -0.009%** -0.153%** -0.041%** -0.011*
(-1.793) (-1.417) (-3.060) (-12.235) (-5.376) (-1.693)
AlIC -11594.04 -13702.55 -13283.78 -14252.86 -10636. -11595.58
BIC -11561.23 -13678.66 -13251.57 -14220.64 -10806. -11595.72
Qus(4) 0.00 0.234 0.00 0.00 0.068 0.00
@: p1=p,=0 39.070 8.489 12.992 92.86 20.945 20.904
Critical values 6.47 6.41 6.47 6.47 6.47 6.47
(10 %)
Critical values 7.53 7.39 7.53 7.53 7.53 7.53
(5 %)
Critical values 9.76 9.66 9.76 9.76 9.76 9.76
(1 %)
F:p1=ps 47 .449%** 3.152* 5.829** 39.828*** 3.791* 7.967***

Note: t-statistics are in parenthesess@ the Ljung—Box statistic for 4 lags. Criticalluas for the distribution
of ® come from Table 1 of Wane et al. (2004). Lags @dresen according to the BIC. *, ** *** denote
significance at the 10%, 5%, and 1% levels, respelst

First, thed statistics lead us to reject the null hypothe$iaacointegration at the 5% level
for all specifications. Furthermore, the null hylpedis of symmetric adjustment towards long-
term equilibrium is rejected at the 10% level ihalses, according to the F-statistic. Thus,
our results strongly suggest that for NBP and HH, &hd the JKM, TTF and HH and TTF
and the JKM, the adjustment mechanism is asymmétanlinear). In contrast to our
previous results, we find that U.S. and Japan-Korearkets have been co-integrated since
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2009, but the relationship is asymmetrical. Morepifave analyse the value and significance
of p; andp,, particularly interesting results can be highleghtFor instance, if we consider
the relationship between NBP and HH, we find that @éstimated threshold is 0.032 and that
the point estimate for the adjustment is -0.054dositive shocks and -0.006 for negative
shocks. This outcome reveals that positive discreipa from long-term equilibrium arising
from an increase in U.K. prices or a decrease iredean prices (such thai.;>0.032) are
eliminated more quickly, at a rate of 5.4% per daycontrast, negative deviations from long-
term equilibrium resulting from decreases in th&.lprices or increases in the HH take more
time to be adjusted (0.6% per day). Consequentbretis substantially slower convergence
for deviations below the threshold than for dewias above the threshold. This result is
consistent with fact that the relationship betwBdP and HH is highly asymmetric and that
U.K. prices take more time to adjust below the shodd. We can identify a similar threshold
for TTF (0.027), but the point estimate for postshocks is only -0.026, suggesting that TTF
adjusting to HH requires more time than for the UNMBP to do so. Caution is clearly
necessary when interpreting such results, but strbbe acknowledged that this difference
could indicate that market arbitrage opportunites more important between NBP and HH
than between TTF and HH.

Our results are different for the relationship begw HH and the JKM. In spite of a higher
threshold (-0.143) and althoughis not significant at the 5% level; is indeed significant at
the 1% level and equal to -0.015. Thus, only demmst from long-term equilibrium resulting
from an increase in American prices or a decreatskd JKM are eliminated and at a lower
rate than between HH and NBP or between HH and WEe.also find that asymmetric
cointegration prevails between European prices (MB& TTF) and the JKM. Providing at
this stage of our work an undisputable economierpretation of these econometric results
appears an arduous task and would require furthasstigation. Intuitively, a greater role
played by spot markets could however be part oettpanation. In a recent context of rather
oversupplied markets in which East-Asia and, toessér extent, Europe were the most
resilient areas, any departure from long-term dupual in the form of a short-term increase in
NBP or JKM prices might have been viewed by expgrtountries as a source of profitable
arbitrage. This arbitrage could in turn have lecatoimportant flow of natural gas to these
countries, contributing to greater price interdejscy.

Because we have demonstrated that there is a goatiteh relationship between these four
natural gas prices using the methodology proposed&rders and Siklos (2001), we can
estimate the corresponding TECM (Eq. 4). Tables® X0 report the results. Table 9 focuses
on the analysis of European and U.S. markets, wkefable 10 analyses the integration of
European and U.S. gas markets with the Japan-Koneaket.
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Table 9. Results of the asymmetric error correction modahwhreshold cointegration
(European and U.S. markets)

U.K NBP U.S. HH Netherlands U.S. HH U.K NBP Netherlands
(AP (AP?) TTF (AP?) (AP?) (APY) TTF (AP?)
ANBP/ -0.188*** 0.003 -0.113*** -0.009
(0.023) (0.008) (0.028) (0.023)
ANBPY, -0.020 -0.004 -0.050* 0.071%*=
(0.024) (0.008) (0.028) (0.023)
ANBP[_, 0.066*** -0.008 0.070** 0.303***
(0.023) (0.008) (0.029) (0.023)
ANBP[_, -0.252*** -0.024*** -0.216%** -0.061***
(0.022) (0.008) (0.028) (0.023)
AHH} | -0.309*** -0.040* -0.308*** -0.043*
(0.064) (0.023) (0.053) (0.023)
AHH} , -0.091 -0.002 -0.169*** 0.003
(0.064) (0.023) (0.053) (0.023)
AHH;, 0.383*** -0.077*** 0.353*** -0.070%**
(0.073) (0.026) (0.060) (0.026)
AHH;, 0.103 0.076*** 0.306*** 0.065**
(0.073) (0.026) (0.061) (0.026)
ATTF! -0.286*** 0.016 -0.076** -0.285%**
(0.024) (0.010) (0.034) (0.028)
ATTF, -0.043** 0.005 0.079** -0.093***
(0.023) (0.010) (0.033) (0.028)
ATTF -0.242%** -0.010 0.018 -0.417%**
(0.021) (0.009) (0.033) (0.027)
ATTF, -0.260*** -0.002 -0.117%* -0.235%**
(0.022) (0.009) (0.033) (0.027)
ECM{, -0.050*** -0.006*** -0.025*** 0.000 0.005 -0.053***
(0.006) (0.002) (0.006) (0.003) (0.012) (0.010)
ECM{_, -0.009** 0.000 -0.009*** -0.001 -0.173%** -0.006
(0.003) (0.001) (0.003) (0.001) (0.017) (0.014)
Intercept 0.007*** 0.000 0.007*** 0.000 0.000 0.000
(0.002) (0.001) (0.001) (0.001) (0.001) (0.001)

Note: Lags are chosen according to the BIC. *, *** denote significance at the 10%, 5%, and 1% lsye
respectively.

Our results confirm not only that there is a lorgat relationship between NBP and HH but
also that the adjustment process towards long-tequilibrium is highly asymmetric.
Furthermore, we find thgi*| > [9~|, which indicates that positive deviations fromden
term equilibrium are eliminated more quickly thae aegative deviations. They also confirm
that the adjustment speed between NBP and HH &agré¢han that between TTF and HH,
suggesting better arbitrage opportunities betwe&® Mnd HH. Note that the adjustment
speed is higher when NBP reacts to a variation ldf (F0.050) than when HH reacts to a
variation of NBP (-0.006). Thus, European marke¢sraore affected by variation in the U.S.
market than the reverse. If we compare these sewilh those related to the integration of
two European markets (TTF and NBP), we show thertetiis a higher adjustment speed both
for positive and negative discrepancies for Eurapgss prices.

Table 10 highlights the dependence of Europearpgess upon the JKM. Indeed, we find a
significant adjustment speed for NBP and TTF, fothbnegative and positive discrepancies
from long-term equilibrium (-0.038 and -0.020 foBR, and -0.035 and -0.018 for TTF),
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although adjustment speed for the JKM to NBP or TS Rever significant. This result shed
light on the fact that the JKM remains unaffectgdvhariations of European gas prices in the
short term. The same result applies to HH, for Wwiaaoly positive deviations from long-term
equilibrium are eliminated. However, these resalso stress the fact that market arbitrage
opportunities exist between European, U.S. andndgpaean natural gas prices.

Table 10. Results of the asymmetric error correction modehwhreshold cointegration
(European, U.S. and Japan-Korean markets)

U.K NBP JKM (AP?) U.S. HH JKM (AP?)  Netherlands  JKM (AP})
(APY) (AP?) TTF (AP?)
ANBP;, -0.050 0.029
(0.031) (0.027)
ANBP;, 0.004 0.000
(0.024) (0.026)
ANBP-,  -0.071% -0.046
(0.030) (0.031)
ANBP -,  -0.176%* 0.062*
(0.029) (0.032)
AJKM; -0.032 0.117%%* 0.184%%* 0.055* 0.004 0.039
(0.078) (0.040) (0.045) (0.028) (0.064) (0.028)
AJKM; -0.085 0.014 -0.123* 0.092%+*
(0.078) (0.040) (0.064) (0.028)
AJKM7,  0.233%* 0.067 0.072 0.124%%* 0.256%+* 0.120%+*
(0.080) (0.042) (0.047) (0.029) (0.066) (0.029)
AJKM;,  0.207% 0.119%** 0.189%** 0.130%**
(0.080) (0.042) (0.066) (0.029)
AHH;, -0.055* 0.022
(0.029) (0.018)
AHH},
AHH, -0.104%+ 0.007
(0.032) (0.020)
AHH,
ATTF;, -0.162%+ -0.011
(0.031) (0.014)
ATTF;, -0.057 0.019
(0.032) (0.014)
ATTF;, 0.035 0.021
(0.029) (0.013)
ATTFL, 0.034 -0.013
(0.030) (0.013)
ECMF,  -0.020%* -0.001 -0.016%+ -0.004 -0.035** 0.003
(0.005) (0.005) (0.004) (0.003) (0.006) (0.003)
ECM7,  -0.038%* -0.004 -0.004 0.004 -0.018** 0.004
(0.010) (0.003) (0.004) (0.003) (0.006) (0.003)
Intercept 0.000 0.000 0.000 0.001 0.004%+* 0.000
(0.001) (0.001) (0.001) (0.000) (0.001) (0.000)

Note: Lags are chosen according to the BIC. *, *** denote significance at the 10%, 5%, and 1% lsye
respectively.
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5. Conclusion

Based on a fourteen-year period ending in Janu@iy,2this paper provides new empirical
evidence on the relationships between North Amari€aropean, and East Asian gas prices.
Using not only cointegration tests with one or meteuctural breaks but also threshold
cointegration tests and threshold error-correctioodels, we highlight several interesting
findings and make a useful contribution to therditare on gas market integration from this
perspective. In particular, we show that the iratign of gas markets has increased in recent
years in the sense that long-term relationships/det gas prices have, for most of them,
strengthened while those between gas prices angriogs have weakened. Although our
results confirm that there is a very strong integraamong most of the European gas
markets, but clearly no perfect integration betwdenEuropean and American markets, we
do indeed point out that the degree of integrabetween these two regions has increased,
especially after 2014. Concerning Asia, we show thast European markets are, for the
most part, cointegrated with the JKM while thedats not with the HH, when the Gregory
and Hansen (1996b) test is used. The increaseeicdimtegrating vector between U.S. and
European gas prices would not have allowed us tclade that international gas market is
getting more and more integrated if it had not beenompanied by a decrease in the
cointegrating vector between gas prices and oil.d&fmonstrate that this is the case. Testing
for threshold cointegration, we also reach an estng result on the existence of an
asymmetric adjustment to long-term equilibrium begw HH and NBP, but also between HH
and the JKM, any positive discrepancies from loggat equilibriums in the form of an
increase in the NBP or JKM price requiring a greéitee to adjust than negative ones. We
suggest that market arbitrages from exporting aeemtesulting from a growing share of spot
transactions could be one of the possible explanstior such an asymmetric convergence.

These various results make this article a usefatriution to the literature on gas market
integration, but our approach is not without litidas. Several suggestions about future
research that might enrich this paper should tbeselbe mentioned as concluding remarks.
First, considering that European gas hubs playewdifft roles, greater scrutiny should be
placed on the causality relationships among Eumopgeges to determine whether there is
any “dominance effect” of some hubs over the othesto check whether what appears from
our results to be an integrated European gas markedit a “trompe I'oeil”. Second, further
investigation would obviously be required to apgmd the effect of soaring LNG export
capacities from the United States, which are exguetd be at full capacity in 2018, on the
integration of world natural gas markets. Finallygreater focus should be placed on the
asymmetric nature of the reversion to long-termildayium between gas prices.
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Appendix
Figure 1. Prices for the European market (In euro per megéavear, MWh)
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Figure 2. Prices for UK National Balancing Point, US HenrylHand Japan-Korean Marker
(In euro per megawatt-hour, MWh)
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Figure 3. Prices for NBP (Euro per MWh), Henry Hub (Euro pévh), Coal (Euro per ton
and Oil (Index)

S - |2
o | o
= F
3 A - S
~D
w
S
= - 80
Vo
Rl :
| q
o | S LR ' \ ‘ i - 2
S \ '[ r : A 1 " \ T ©
AR | LN T MDY
L VY '
et S
o <
T T T T T T T T
1/1/2004 1/1/2006 1/1/2008 1/1/2010 1/1/2012 1/1/2014 1/1/2016 1/1/2018
Date
UK-NBP — US- Henry Hub
Oil Index — Coal

33



ve

‘(T 8|geL ‘Z66T) "[e 18 DISMONIeIMY WO} usxel

a1e1(B8d)) Alleuonels Jo sisayiodAy [jnu ay) J0) SEEA [22N11D "BLISIIO UOIBLIOIUI ZUBMUDS aieseq Palos|as ale sisal 4gy 10 sielsweded Ge| ay ;810N

€200 1G20°0 »xx0EG0 »xE68'G  x€80°¢C.- *xxxlV0°CL- *xGOv'¢- T€CC- (anH A1uaH) 's'N
6T00 1200 »xx9GE°0 *»xCL0'T *xxx68G°9¢- »xxG8G°9¢- »xx0TE'G- xxx99T'G (dgN) >N
T20°0 €e0’o xxxl1V°0 »xV70V'T »xZBHT- »xxE8YV 6T- «9TE'E- wl¥2'€-  (4LL) spuepayioN
/TT0 8T0°T »x062'T w9V /2 «xB6TE P~ «xGOE - «BET'E- wbTEE- (xapul) 1O
NHHO w._”._”O «.x,«.@._”._w.._” «&«.._V._V._V.._” «.f«w._wm.@._”- *«&._me.w._”- Ow._\._uu @@._\._uu A_\/_V_B
uealoM-ueder
NMOO m._”._”O ***O@._”.._” *«&MN._”.._” *«%N@N.@Nu **«.MWN.@N- **@N._V.mu ***Hm._w.ﬂsujom mumnu_v mUCMW._H_
€00 LTT°0 770 »x097'0 xxTEBBY-  xxxLT6'61- »xBVE V- ¥xxGEE V(YUON D3d) 9oueio
L€0°0 8€0°0 xx9G9°0 +»x1G9'0  xxx/GE'EQ-  +xx8VE'E0- 8/8'C- x«698'C- (92N) Auewian
020°0 GE0'0 »x70G°0 xBL7'T «x8T79°9Z-  xxx9T9°02- »xTLEV- »xx9¥Z ¥ (j00dseD) Auewias
._VO._”O ._VO._”O *«.*Omm\..o »C?«._”._u@.o *k&mmm.mml **«.w._\m.mmu NH@.H- ._”Nw.._nu _GOO
w@H0.0 NN0.0 «&.«._Vwm.o «.*«.._me.o «&«.mo._”.@m- *«&@@O.@M- «%‘«._”Nw.._wu ﬁimmw.._w Am_m_Nv ES_D_wm
2,00 720 +»x680'T »OVE'T  x690'T9-  x90°TO- «VEE'E- «x060°E- (HO3D) euisny
puain 1daoiau] puan I ERIENTT puain 1daoiau| puaJ] 1dadiaiu| Sadlld
pue 1dadlalu| pue 1dadiayu| pue 1dadlalu| pue 1dadiau|
"HIp 1s114 [9AS7 "JIp 1s414 [oAS7
SSdM 44av

S1S9] 100J-)lUN pJepuels T'va|gel



Table A.2. Results of the Gregory and Hansen (1996b) on egiation with one structural
break for the European gas market

ADF Z Z, Break date Observations
ZEE-NBP -17.33**  -20.33***  -837.07*** 23/06/2006 2/01/2004-12/01/2018
TTF-NBP -13.70***  -24.40** -1159.48*** (04/10/2006 12/01/2004-12/01/2018
PEG North-NBP -11.96***  -22.07**  -878.53**  28/04008 01/12/2005-12/01/2018
PEG South-NBP -10.15**  -10.83**  -278.23** 24/1@014 25/09/2009-12/01/2018
NCG-NBP -14.87**  -17.79***  -750.36*** 05/11/2009 ©/10/2007-12/01/2018
Gaspool-NBP -13.64**  -23.72%*  -1112.41** 04/1006 12/01/2004-12/01/2018
CEGH- NBP -8.09*** -9.74%** -216.39***  28/05/2016 4/09/2009-12/01/2018
ZEE-TTF -11.03**  -21.56**  -981.06** 15/12/2006 2/01/2004-12/01/2018
PEG North-TTF -13.55%*  .21.87***  -968.25*** (07/0%006 01/12/2005-12/01/2018
PEG South-TTF -7.51%= -10.91**  -296.26***  21/10/214 25/09/2009-12/01/2018
NCG-TTF -13.37**  -30.22** -1468.06*** 31/03/2009 01/10/2007-12/01/2018
Gaspool-TTF -15.13**  -33.84**  -1894.50*** 22/04/208 12/01/2004-12/01/2018
CEGH-TTF -10.15**  -11.95**  -312.98*** 06/02/2015 14/09/2009-12/01/2018
ZEE-Gaspool -11.11%*  -20.96***  -935.59**  15/12/2W6 12/01/2004-12/01/2018
PEG North- Gaspool -13.34**  -.21.85***  -966.24** @&10/2008 01/12/2005-12/01/2018
PEG South- Gaspool -7.48%** -10.66**  -286.53***  210/2014 25/09/2009-12/01/2018
NCG-Gaspool -15.20***  -33.70** -1764.24** 31/03(9 01/10/2007-12/01/2018
CEGH-Gaspool -9.65%** -13.17**  -367.23***  06/02/26 14/09/2009-12/01/2018
ZEE-NCG -19.28**  -27.61** -1238.96*** (07/11/2009 01/10/2007-12/01/2018
PEG North-NCG -15.11***  -28.06*** -1316.64*** 20/02010 01/10/2007-12/01/2018
PEG South-NCG -7.40%** -10.87***  -295.60*** 21/1014 25/09/2009-12/01/2018
CEGH-NCG -9.64xx* -11.93**  -331.54**  24/05/2016 4/09/2009-12/01/2018
ZEE-PEG North -14.36***  -28.86*** -1376.92*** 27/02007 01/12/2005-12/01/2018
PEG South-PEG North -7.75%** -12.34**  -367.58** 110/2014 25/09/2009-12/01/2018
CEGH-PEG North -8.35%** -11.24**  -306.84*** 28/020016 14/09/2009-12/01/2018
ZEE-PEG South -7.44%%* -11.07**  -303.99**  21/10(214 25/09/2009-12/01/2018
CEGH-PEG South -6.79%** -9.12%** -211.93**  08/10@4 25/09/2009-12/01/2018
ZEE-CEGH -8.21*** -11.83**  -294.13** 08/02/2011 4/09/2009-12/01/2018

Note: We consider the test that allows a break inctivestant, the slope and the trefithe asterisks ***, ** and *denote the
rejection of the null hypothesis at thel%, 5% af&ollevels, respectivelfThe critical values are taken from Table 1 of
Gregory and Hansen (1996b).
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Table A.3. Test for explosive behaviour of Phillips, Shi afual (2015) based on weekly data

Prices Test Critical Critical Critical Model
statistic ~ value (1%) value (5%) value (10%)

Austria (CEGH) 2.089 4.108 3.514 3.233 None
Belgium (ZEE) 1.218 1.962 1.495 1.314 Intercept
and trend

Coal 2.761 4.258 3.617 3.314 None
Germany (Gaspool) 1.313 1.962 1.495 1.314 Intercept
and trend

Germany (NCG) 1.936 4.058 3.619 3.351 None
France (PEG North) 1.032 1.988 1.460 1.193 Intercept
and trend

France (PEG South) 2.870 3.991 3.494 3.258 None
Japan-Korean 0.816 1.912 1.440 1.193 Intercept
(JKM) and trend

Oil (Index) 9.297 4.033 3.546 3.189 None
Netherlands (TTF) 0.804 1.962 1.495 1.314 Intercept
and trend
U.K. (NBP) 0.749 1.962 1.495 1.314 Intercept
and trend
U.S. (Henry Hub) 0.254 1.962 1.495 1.314 Intercept
and trend

Note: The lag parameters for the test are selebteskd on the Schwartz information criteria. Critigalues for
the null hypothesis are obtained after 500 Montel@Csimulations. The choice of the model retairetiased on
the significance of the trend and/or the intercafpthe 5% level.

Table A.4. Perron-Yabu test for structural changes in therdahistic components based on
weekly data

Exp- W-RQF Break date cv(1%) cv(5%) cv(10%)

Panel A: Gas prices

Belgium (ZEE) 15.011 "$11/2010  4.47 3.12 2.48
U.K. (NBP) 23.302 "411/2010  4.47 3.12 2.48
France (PEG South) 19.003 "92/2014  4.48 3.13 2.49
France (PEG North) 8.123 112/2010 4.48 3.13 2.49
Austria (CEGH) 31.614 ™10/2011 4.48 3.13 2.49
Netherlands (TTF) 13.964 %311/2010  4.48 3.13 2.49
Germany (Gaspool) 15.185 '931/2010 4.48 3.13 2.49
Germany (NCG) 14.376 $'D5/2010 4.48 3.13 2.49
U.S. (Henry Hub) 4.977 $112/2008 4.48 3.13 2.49
Japan-Korean (JKM) 7.958 $106/2012 4.48 3.13 2.49
Panel B: Oil and Coal

oil 13.932 §12/2014 4.48 3.13 2.49
Coal 4.263 ¥10/2008  4.48 3.13 2.49

Note: Trimmer parameter is equal to 0.15. The caitivalues are taken Table 2c of Perron and Yal®0%2.
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Table A.5. Results of Carrion-i-Silvestret al. (2009) unit root tests with structural breaks
based on weekly data

PELS  MPFLS MZSLS  MSBELS  MZEMS  Numbers of breaks

Austria (CEGH) 11.98 11.59 -31.76 0.125 -3.98 4
[6.99] [6.99] [-49.59] [0.100] [-4.96]

Belgium (ZEE) 15.84 13.44 -25.54 0.139 -3.73 4
[6.83] [6.83] [-47.84] [0.101] [-4.84]

Netherlands (TTF) 13.78 13.46 -25.75 0.139 -3.57 4
[6.41] [6.41] [-50.66] [0.099] [-5.01]

U.K. (NBP) 9.105 8.57 -42.13 0.109 -4.59 4
[6.67] [6.67] [-50.28] [0.099] [-5.01]

France (PEG North) 20.61 19.11 -18.43 0.165 -3.03 4
[6.52] [6.52] [-50.27] [0.099] [-5.00]

France (PEG South) 14.87 11.92 -29.63 0.130 -3.85 4
[6.69] [6.69] [-49.63] [0.100] [-4.97]

Japan-Korean (JKM) 13.36 12.70 -18.44 0.164 -3.02 3
[5.04] [5.04] [-44.13] [0.107] [-4.68]

U.S. (Henry Hub) 67.51 59.22 -6.52 0.276 -1.80 4
[6.96] [6.96] [-51.12] [0.099] [-5.04]

Germany (Gaspool) 14.18 13.86 -24.97 0.141 -3.52 4
[6.41] [6.41] [-50.66] [0.099] [-5.01]

Germany (NCG) 23.35 21.69 -16.58 0.174 -2.88 4
[6.67] [6.67] [-50.57] [0.099] [-5.02]

Oil (Index) 55.67 50.96 -8.48 0.241 -2.04 5
[6.92] [6.92] [-56.94] [0.093] [-5.33]

Coal 40.65 38.58 -9.26 0.231 -2.14 4

[7.07] [7.07] [-47.25] [0.112] [-4.83]
Note: Critical values for the 1 % level significanare in brackets. The test is implemented for mode
lll, where the structural break affects both thevde and the slope of the time trend.
PELS is the feasible point optimal testPSLS is the modified point optimal te$tZ5S is the modified
Phillips-Perron MZ test, MSB¢LS is the modified Sargan-Bhargava test aud?’s, is the modified
Phillips-Perron M4 test.
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TableA.7. Results of the Gregory and Hansen (1996b) on egiation with one structural

break for the European gas market based on weakdy d

ADF Z: Z, Break date
ZEE-NBP -10.02**  -14.53**  -319.56*** 7' 06/2006
TTF-NBP S11.11%% -12.33%* 252 13** 4" (9/2006
PEG North-NBP -10.47%*  -10.66***  -190.54** 5 09/2007
PEG South-NBP -8.14%** -7.45%* -95.07*** i'11/2014
NCG-NBP -9.87*** -9.90*** -165.86*** 1%' 11/2009
Gaspool-NBP -10.81%*  -11.93**  .238.81** % 09/2006
CEGH- NBP -6.07*** -6.21%** -66.96** 4" 08/2016
ZEE-TTF -11.65%*  -10.33%*  -189.04** 2" 03/2006
PEG North-TTF -0.73%x* -11.41%*  -179.31** ¥ 07/2008
PEG South-TTF -6.78%** -6.91*** -83.10*** #11/2014
NCG-TTF -11.70%*  -12.05%*  -224 50** 1°' 04/2009
Gaspool-TTF -13.06***  -13.55***  -287.46*** ' 04/2008
CEGH-TTF -5.85** -8.03*** -107.13** ' 02/2015
ZEE-Gaspool -10.90%**  -10.52**  -193.63** ¥ 03/2006
PEG North- Gaspool 212.75%  11.25%*  _175.30**  *111/2008
PEG South- Gaspool -7.70%%* -7.08*** -82.10*** $110/2014
NCG-Gaspool -12.82**  -13.38**  -261.18*** i 04/2009
CEGH-Gaspool -5.24* -8.40%*** -117.19**  %101/2015
ZEE-NCG -13.05%**  -13.40**  -265.67**  2'11/2009
PEG North-NCG -11.66%*  -11.88%*  -221.54**  409/2010
PEG South-NCG ST T7%* -6.66*** -80.77*** % 10/2014
CEGH-NCG -5.52** -7.95%** -105.56*** 2% 05/2016
ZEE-PEG North 212.26%*  -12.15%*  .243.28** ¥ 09/2007
PEG South-PEG North -8.05*** -6.80*** -85.79%** '309/2014
CEGH-PEG North -5.48* -7.66%** -100.70** % 09/2016
ZEE-PEG South -6.97*** -6.77*** -84.69*** % 10/2014
CEGH-PEG South -6.79*** -9.12%** -211.93**  %109/2014
ZEE-CEGH -6.21%** -7.57%* -100.38*** 1°02/2011

Note: We consider the test that allows a break inctivestant, the slope and the trefithe asterisks ***, ** and *denote the
rejection of the null hypothesis at thel%, 5% a@ocllevels, respectivelfThe critical values are taken from Table 1 of

Gregory and Hansen (1996b).
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Table A.8. Maki's (2012) bivariate cointegration tests restdased on weekly data

European gas prices and JKM with U.S. Henry Hub

Statistics Critical value Break dates
Belgium (ZEE) -6.874** -6.524 "409/2006; ¥ 02/2009; 3 01/2014
U.K. (NBP) -6.604** -6.524 % 05/2006; £ 11/2008; 4 03/2013
Netherlands (TTF) -6.759** -6.524 "909/2006; 3° 02/2009; 29 01/2014
Germany (Gaspool) -6.357* -6.524 "D9/2006; £ 02/2009; 4 10/2014
Germany (NCG) -6.141 -6.524 "®2/2009; 29 08/2015; 1' 12/2016
Japan-Korean -4.561 -6.524
Austria (CEGH) -5.519 -6.524
France (PEG South) -6.432* -6.524 "20/2011; ¥ 04/2013; ¥ 01/2016
France (PEG North) -5.343 -6.524
Gas prices with oil
Belgium (ZEE) -6.805** -6.524 "810/2006; 4' 12/2009; 4 03/2013
U.K. (NBP) -7.060** -6.524 "$ 10/2006; 4' 12/2009; 4 03/2013
Netherlands (TTF) -7.112%%* -6.524 410/2006; ¥ 03/2011; ¥ 06/2015
Germany (Gaspool) -7.178*** -6.524 "D4/2007; ¥ 10/2009; & 03/2013
Germany (NCG) -5.460 -6.524 "9210/2009; 3° 02/2012; 29 04/2014
Japan-Korean -3.119 -6.524
Austria (CEGH) -4.782 -6.524
France (PEG South) -6.228 -6.524 " 20/2010; ¥ 02/2012; 2? 01/2017
France (PEG North) -6.470* -6.524 $'110/2009; 29 02/2012; & 04/2014
United States (HH) -5.334* -5.541 "4%9/2012
European gas prices with Japan Korean (JKM)
Belgium (ZEE) -5.609** -5.541 "411/2010
U.K. (NBP) -6.276* -6.524 '309/2010; 4 03/2013; & 12/2015
Netherlands (TTF) -5.507* -5.541 "41/2010
Germany (Gaspool) -5.454* -5.541 "41/2010
Germany (NCG) -5.400* -5.541 "41/2010
Austria (CEGH) -4.480 -6.100
France (PEG South) -6.853%** -6.100 "D2/2011; 2% 04/2013
France (PEG North) -5.649** -5.541 4™ 11/2010

Note: Critical values at the 0.05 significance leaee from Table 1 of Maki (2012). *, **, *** denet the
rejection of the null hypothesis of no cointegratilBreak dates are obtained by using Maki's (2012)

cointegration test.
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Table A.9. Estimation of long-term coefficients based on weettata (DOLS, Bartlett
Kernel, Newey-West fixed bandwidth)- European reltgas market

With U.K. NBP With Netherlands TTF
First period Second Break date| First period Second Break date
period period

Austria (CEGH) 0.867*** 0.575%** 4™ 08/2016 0.844%*** 0.900*** 1502/2015
(0.039) (0.041) (0.030) (0.022)

LOP 11.42%* 177.27%** 26.55%** 21.42%**

Belgium (ZEE) 0.979*** 0.980*** 15 06/2006 1.483** 1.026*** 2"° 03/2006
(0.007) (0.008) (0.120) (0.011)

LOP 7.67*** 5.68** 16.20*** 5.82**

Netherlands (TTF) 0.675** 0.966*** 4™ 09/2006
(0.027) (0.015)

LOP 139.08*** 5.36**

Germany (Gaspool)  0.709*** 0.960*** 3709/2006 0.982*** 0.991*** 1°'04/2008
(0.050) (0.015) (0.004) (0.006)

LOP 33.85%** 7.37%** 15.49*** 2.35

Germany (NCG) 0.968*** 0.963*** 1°'11/2009 0.960*** 0.976*** 1°' 04/2009
(0.016) (0.022) (0.015) (0.007)

LOP 3.93* 2.60 7.07%** 10.12%**

France (PEG North)  0.852%* 0.953**  37909/2007 | 1.071***  0.996**  3907/2008
(0.028) (0.017) (0.045) (0.008)

LOP 27.92%** 7.91%** 2.54 0.263

France (PEG South) 0.999*** 0.901*** 1%'11/2014 1.049** 0.956*** 1°'11/2014
(0.029) (0.011) (0.030) (0.092)

LOP 0.000 0.740 2.620 0.225

Note: The different periods correspond to the brdates detected using the Gregory and Hansen ()98@ibtegration test. *, **, ***
significant at the 10%, 5%, and 1% level, respetyivA Wald test of the null hypothesigsell has been implemented to test for the LOP

hypothesis
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Table A.11. Threshold cointegration tests for natural gas daseweekly data (Enders and

Siklos, 2001).
NBP and HenryHub TTF and NBP and NBP and TTF and
Henry Hub and JKM  Henry Hub TTF JKM JKM
Model Consistent Consistent Consistent Consistent Consistent Consistent
MTAR TAR TAR TAR MTAR MTAR
Lag 2 2 2 0 2 2
Threshold -0.045 -0.128 0.330 -0.053 0.013 -0.041
P1 -0.017 -0.059*** -0.358*** -0.135%** -0.024 -0.064***
(-1.343) (-4.375) (-4.738) (-5.442) (-0.978) (-3.607)
P2 -0.104*** -0.025* -0.078*** -0.259%** -0.133*** -0.146***
(-4.976) (-1.882) (-5.056) (-6.862) (-6.634) (-1.693)
AIC -1250.00 -2596.38 -2144.87 -2022.16 -1987.00 137268
BIC -1227.06 -2573.43 -2121.92 -2008.38 -1963.53 114274
Qwe(4) 0.867 0.199 0.483 0.063 0.967 0.505
®: p1=p,=0 13.192 11.16 22.790 38.355 22.259 19.012
Critical values 6.47 6.44 6.44 6.47 6.47 6.47
(10 %)
Critical values 7.53 7.47 7.47 7.53 7.53 7.53
(5 %)
Critical values 9.76 9.64 9.64 9.76 9.76 9.76
(1 %)
F:p1=ps 12.563*** 3.17* 13.460** 7.623*** 12.254%** 6.219*

Note: t-statistics are in parenthesess@ the Ljung—Box statistic for 4 lags. Criticalluas for the distribution
of ® come from Table 1 of Wane et al. (2004). Lagschesen according to the BIC. *, **, *** denote
significance at the 10%, 5%, and 1% levels, respelgt
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Table A.12. Results of the asymmetric error correction modehwireshold cointegration
based on weekly data (European and U.S. markets)

U.K NBP U.S. HH Netherlands U.S. HH U.K NBP Netherlands
(AP (AP?) TTF (AP?) (AP?) (APY) TTF (AP?)
ANBP/ 0.082 -0.006 0.007 0.128*
(0.062) (0.029) (0.096) (0.0712)
ANBPY, -0.244%** 0.037 -0.004 -0.068
(0.062) (0.030) (0.095) (0.071)
ANBP[_, 0.102 0.029 -0.168* -0.206***
(0.066) (0.031) (0.101) (0.075)
ANBP[_, -0.054 -0.023 0.030 0.153*
(0.064) (0.010) (0.097) (0.072)
AHH} | 0.145 0.217%** 0.086 -0.218***
(0.157) (0.074) (0.112) (0.075)
AHH} , -0.027 -0.076 -0.039 -0.098
(0.157) (0.074) (0.112) (0.075)
AHH;, 0.132 0.466*** 0.148 -0.480***
(0.165) (0.078) (0.112) (0.078)
AHH;, -0.062 -0.091 -0.110 -0.085**
(0.166) (0.079) (0.118) (0.079)
ATTF! 0.288*** 0.047 0.142 -0.028
(0.067) (0.045) (0.131) (0.097)
ATTF, -0.292** 0.003 -0.485*** -0.283***
(0.064) (0.043) (0.133) (0.099)
ATTF -0.233*** -0.002 0.481*** 0.495***
(0.066) (0.044) (0.138) (0.102)
ATTF, -0.164*** -0.013 -0.076 -0.331%**
(0.064) (0.043) (0.136) (0.101)
ECM{, -0.018 -0.000 -0.493*** -0.044 -0.027 0.075**
(0.013) (0.006) (0.079) (0.053) (0.048) (0.036)
ECM{_, -0.103** 0.027*** -0.022*** -0.008 -0.326%** -0.050
(0.021) (0.010) (0.009) (0.006) (0.074) (0.055)
Intercept 0.003 0.000 0.002 0.004 0.007 0.005
(0.008) (0.001) (0.005) (0.004) (0.005) (0.004)

Note: Lags are chosen according to the BIC. *,** denote significance at the 10%, 5%, and 1% leye

respectively.
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Table A.13. Results of the asymmetric error correction modehwireshold cointegration
based on weekly data (European, U.S. and JaparaKonarkets)

U.K NBP JKM (AP?) U.S. HH JKM (AP?)  Netherlands  JKM (AP})
(AP) (AP?) TTF (AP?)
ANBP;, 0.112 0.066
(0.092) (0.046)
ANBP}, -0.110 0.027
(0.093) (0.047)
ANBPZ, 0.042 -0.035
(0.088) (0.044)
ANBP., 0.035 0.048
(0.087) (0.044)
AJKM;, -0.057 0.495** 0.077 0.509*+* -0.071 0.472%%
(0.160) (0.080) (0.118) (0.078) (0.141) (0.079)
AJKM; 0.162 -0.031 0.023 -0.049 -0.026 -0.022
(0.159) (0.080) (0.118) (0.078) (0.139) (0.078)
AJKM;, 0.001 0.465%+* -0.083 0.472%% 0.046 0.456%+*
(0.155) (0.078) (0.116) (0.077) (0.138) (0.077)
AJKM;, 0.144 0.072 0.116 0.079 0.092 0.090
(0.152) (0.076) (0.115) (0.076) (0.134) (0.075)
AHH} -0.296++ -0.005
(0.102) (0.068)
AHH}, -0.146 0.048
(0.102) (0.068)
AHH, 0.339%** 0.123*
(0.111) (0.074)
AHH, -0.139 0.064
(0.111) (0.074)
ATTF}, -0.144 -0.082
(0.091) (0.051)
ATTF}, 0.024 0.062
(0.092) (0.052)
ATTF;, 0.216%* 0.165%**
(0.094) (0.053)
ATTF., -0.166* -0.054
(0.094) (0.053)
ECM}, 0.034 -0.020 0.016 -0.018 0.038 -0.019
(0.032) (0.016) (0.0023) (0.016) (0.023) (0.013)
ECM[, 0.026 -0.008 0.016 0.015 -0.030 -0.022
(0.026) (0.013) (0.022) (0.015) (0.037) (0.021)
Intercept 0.001 0.002 0.001 0.006* -0.001 0.002
B (0.006) (0.003) (0.005) (0.004) (0.005) (0.003)

Note: Lags are chosen according to the BIC. *, *** denote significance at the 10%, 5%, and 1% lsye
respectively.
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