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Abstract

This thesis has studied efficiency in the crude oil futures market for WTI and the Brent Blend
for a period including the “shale oil revolution”. The main objective was to provide new
information by investigating a period in time not much explored in already published articles.
Furthermore, the thesis sought to close a gap of earlier empirical studies performed, by
combining the two crude oil types and including up to 6 months maturities for futures contracts,
while at the same time having a precise definition of an efficient market. The raw data applied
was daily closing pricesfor spot and 1-, 2-, 3-, 4-, 5-, and 6- months (M) futures contracts from
January 1986 to March 2016 for WTI and from October 2003 to March 2016 for the Brent
Blend. The data was converted to monthly observations, and the Johansen cointegration
analysis was performed while imposing the restrictions of the unbiasedness hypothesis, o = 0
and p =1. Tests were performed pairwise, both for the same blends and across blends. The
cointegration analyses were further performed both for the total period and separately for the
sub period (January 2012- March 2016), as the produced amounts of shale oil started its sharp
inclinein 2012. Finally, tests of weak exogeneity were performed.

For the total period, the market was concluded efficient for the cointegration pairs Brent
spot/Brent 1M, WTI spot/WTI IM, WTI spot/Brent 3M, WTI spot/Brent 4M, WTI spot/Brent
5M and WTI spot/Brent 6M. For the sub period, the market was concluded efficient for the
pairs Brent spot/Brent 4M, WTI spot/WTI 2M, WTI spot/WTI 4M, WTI spot/WTI 5M, WTI
spot/Brent 2M, WTI spot/Brent 3M and WTI spot/Brent 4M. In genera, futures prices were
found to have led spot prices for most of the cointegrated pairs. The hypothesis of the spot price
leading the futures price was rejected for all cointegrated pairs. For the total period, the finding
of efficient markets for the contract with the shortest maturity for WTI and Brent was similar
to previous empirical findings. The amount of cointegrated pairs however implied a higher
degree of cointegration than previously. There was found little cointegration and no market
efficiency for the Brent spot/WTI futures- pairs, implying possible speculation opportunities.
The assumption of “norma backwardation” did not seem applicable for the periods
investigated, as most relationships showed signs of contango. Suggestions were made that a
non-linear method or a method including a structural break might better model the crude oil
futures market. Risk-varying premiums, convenience yields and investors with different
investment horizons were among the factors discussed as possible explanations to why the
unbiasedness hypothesiswas rejected in most cases. Finally, the resultsimplied that using crude

oil futures as arisk management tool might not be efficient for all maturities.
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1 Introduction

1.1 Background

In 2014, the spot pricesfor the renowned crude oil benchmarks Brent Blend and the West Texas
Intermediate (WTI) crude oil started a dramatic decline, as can be seen in Figure 1. From a
comfortable price of $115.43 per barrel (bbl) on June 19 2014, the price for abbl of dated Brent
was as low as $25.91 on January 1 2016. The price devel opment was similar for WTI.

Figure 1. Daily spot pricesfor WTI and Brent Blend in USD/bbl
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Source: Datafor Brent (ICE) and WTI (NYMEX) was retrieved using Datastream

Although there historically has been several negative price shocks for crude oil, for instance
following the credit crunch of 2008, thistime it was different, as the drop in price was related
to asignificant increasein supply of oil in the market. Figure 2 shows the development in daily
produced shale! oil in million barrels for selected U.S. fields as of March 2016 (U.S. Energy
Information Administration, 2016a). New technology, for instance horizontal drilling and
hydraulic fracturing, caused shale oil fields that were previously uneconomical to develop, to
now be of great interest for oil extraction. One can imagine that the previously high oil prices
had both motivated to search for more oil resources, as well as financed and reasoned for

investments made in the development of the new technology. The result of these investments

1 The oil type in this thesis referred to as “shale oil” is more correctly referred to as “tight oil” within the oil
industry. Tight oil is a generic term for oil produced from low permeability geological formations composed of
tight, sandstone, and carbonate (U.S. Energy Information Administration, 2016). However, as shale oil isthe term
more commonly used, that is also the notation used in thisthesis.



is evident when reading Figure 2; a massive increase in shale oil produced. The graph shows
the produced amount for some selected shale ail fieldsin the United States, measured in million
barrels per day.

Figure 2. U.S. shale oil production for selected fieldsin million barrels per day.
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When looking at the development in shale oil produced according to Figure 2, it is natura to
wonder if and how the “shale oil revolution” has affected the crude oil market dynamics. This

curiosity prompted the research questions to be further explored in thisthesis.

1.2 Statement of the problem and purpose of the study

This thesis will investigate the simple form market efficiency in the crude oil futures market.
The purpose of the study isto provide new information, as it investigates a period of time that
has not yet been thoroughly analyzed. Although crude oil market efficiency has been examined
in avast number of studies that will be further presented in the theory section, studies should
be performed also including this last period, as the market dynamics might have been atered
due to the increased amount of oil available. In addition, it is interesting to see as an isolated
phenomenon whether the market was efficient during aperiod of such rapid changein volumes.
This might provide new information regarding the efficiency of the market. Furthermore, the
study considers both Brent Blend and WTI, while many previous studies have only studied the

dynamicsfor one of the blends. In astudy investigating the efficiency of different commodities,



Kristoufek and Vosvrda (2014) found that WTI had a higher efficiency index than Brent.
Cointegration analyses will therefore be performed for both crude oil types. In addition, the
analyses will be run across crude ail types, e.g. Brent spot and WTI futures, as most studies
performed has only analyzed the blends separately. It could for instance be interesting to
investigate whether there is any price discovery findings across the two blends. Finaly, several
previous studies have been criticized for having imprecise definitions of market efficiency
(Moosa & Al-Loughani, 1994). This study has a precise definition of how cointegration should
be interpreted and the conditions that need to be fulfilled in order to conclude on whether the

market has been efficient or not.
Summarizing, the thesis seeks to answer the following research questions:

- Was the crude oil futures market for Brent and WTI efficient during the price decline
that started in 20147
- Hasthe crude oil futures market for Brent and WTI been efficient considering the total

period, when including the price decline of 2014/2015?

1.3 Why does crude oil market efficiency matter?

Inspecting the crude oil prices development in Figure 1, for instance the significant decline in
2008, it is evident that the prices can be quite volatile. Information regarding the oil market
efficiency is therefore relevant for avariety of market participants. For both oil producers and
oil consumers, futures can be an appropriate risk management tool in order to reduce the risk
of the volatile prices (Hull, 2015). It can help increase predictability for the companies that are
dependent on crude oil for their business. If the market is not efficient, the hedging function of
the futureswill be weakened, which will be useful information for those investors. Furthermore,
disclosure of inefficiency in the crude oil market can shed alight on possible unrealized gains,
and be of interest for both arbitrageurs and speculators. Finally, considering the importance of
oil worldwide for avariety of different industries and economies, the oil market efficiency is of
interest also on a more macroeconomic level. BP estimated in their Energy Outlook to 2035
that energy consumption will increase by 34% by 2035, and that fossil fuels will provide
approximately 60% of this increase and account for almost 80% of the total energy supply in
2035 (BP, 2016). In other words, the question of crude oil market efficiency will continue to

be of importance also in the future.



1.4 Procedure

This thesis will apply the Johansen cointegration analysis (Johansen, 1988, 1991; Johansen &
Juselius, 1990) while imposing the restrictions of the joint hypothesis, « = 0 and g =1, for the
crude oil typesWTI and Brent Blend to answer the research questions mentioned in section 1.2.
In order for the futures market to be considered efficient, the cointegration must be significant,
and in addition, it is necessary that the joint hypothesisis not rejected for the cointegrated pair.
This is similar to the conditions for futures market efficiency applied in the analyses of for
instance Silvapulle and Moosa (1999) and Switzer and EI-Khoury (2007). The raw datawill be
daily closing pricesfor spot and 1-, 2-, 3-, 4-, 5-, and 6- months futures contracts for the periods
January 2 1986 to March 31 2016 for WTI (NYMEX) and October 1 2003 to March 31 2016
for Brent Blend (ICE). The analyses will be performed using monthly observations on a fixed
date for futures prices and monthly averages of daily pricesfor the spot prices. The Augmented
Dickey Fuller (1981) - test will be performed in advance to ensure that all the variables are
integrated of the same order and consequently suitable for cointegration analysis. Finaly, there
will be performed a test of weak exogeneity to investigate whether spot prices have led the

futures prices or if futures prices have led the spot prices.

1.5 Limitations of the thesis

There are some limitations to the methods applied in this thesis. Chen, Lee, and Zeng (2014)
investigated the spot and futures relationship in the crude oil market, and concluded that alack
of incorporating structural breaksinto the analysiswill cause incorrect judgments regarding oil
market efficiency, as they identified structural breaks that switches the oil market efficiency.
This study does not include any statistical method that allows for structura breaks in the
variables considered. In other words, it is assumed that the long-run relationship between the
variables is unchanged for the period in mention. This assumption might not necessarily be
correct. Further, the Johansen cointegration test models a linear relationship between the
variables, while others, such as Silvapulle and Moosa (1999) and Wang and Wu (2013) have
found that the relationship is non-linear.

However, as Johansen cointegration analysis has been widely used investigating the crude oil
market efficiency historicaly, it isconsidered to be an appropriate choice of method, asit makes
it possible to compare the result of the analysis to the previous works of others. Furthermore,
although it is appealing to incorporate al relevant factors into the analysis, structural breaks

will not be included, in order to limit the extent of the thesis.



1.6 Disposition

The thesis is structured as follows. In chapter two, relevant literature and previous empirical
work performed is presented. Chapter three describes the methods applied. Chapter four isthe
data chapter, presenting the data gathering process as well as descriptive statistics of the
variables. In chapter five, the results from the cointegration tests are presented. Finally, the

results are discussed and conclusions drawn in chapter six.

2 Literature review

The following section will first present the definition of an efficient market according to the
Fama theory framework, as well as critique against the market efficiency hypothesis. Then the
application of the Fama framework to the commodity market will be described. Next follows a
discussion of what cointegration implies regarding market efficiency, and a presentation of

previous empirical work. Finally, there will be abrief summary of the literature review.

2.1 Definition of an efficient market and the different forms of market efficiency
A market can be described as “efficient” if the prices in the market always fully reflect all
available information (Fama, 1970). Within the Fama framework, the conditions for market

efficiency are defined as

i.  no transaction costs for trading securities
ii.  al informationisfree of cost available to all market participants and
ii.  all market participants agree on the implications that the current available information

has regarding the current price and distributions of future prices of the security

Fama (1970) commented that the assumptions hardly describe the real world markets, and that
they should be seen as sufficient, but not necessary. He emphasized that as long as the market
participants have taken into account al available information, transaction costs in themselves
do not imply that the prices will not fully reflect all available information. Likewise, it might
not be necessary that all market participants have all information; it might be satisfactory that
a sufficient number of market participants have access to the available information. Similarly,
disagreement between investors regarding how information should be interpreted in itself does
not imply inefficiency, aslong as there is not a situation where some investors consistently are
able to make better judgments than the other investors in the market. According to Fama,
transaction costs, restricted access to information and disagreement among investors regarding
the implications of the information, are al factors that exist in real markets. They should not



necessarily be seen as sources of inefficiencies in the markets, but rather potential sources of
inefficiencies.

To further reflect on the rationale behind this definition of market efficiency, consider if it was
possibleto create amodel that predicted the future price of astock. If the model foresaw aprice
increase for the stock, all investors with access to the information from this model would rush
to buy the stock. However, asthose already holding the stock also had accessto al information,
nobody would want to sell, and the asymmetry between demand and supply of the stock would
push the prices up. The new equilibrium price would be at a higher level, where those investors
holding the stock would be willing to sell it. This higher price would compensate them for the
gain they would have achieved by instead keep holding the stock and sell at the future point in
time where the price would be higher, as predicted by the model. At this equilibrium price, no
more new investors would be willing to buy the stock, because the potential future gain of
buying the stock today and selling it at a later point would already be incorporated into the
current higher price. Consequently, instead of a future price increase in the stock, due to the
free information flow it became an immediate price increase, and the price of the stock reflects

all current available information (Bodie, Marcus, & Kane, 2014).

According to Fama (1970), there are three different versions of the market efficiency
hypothesis, depending on which information set forms the basis for the “all avallable
information” - expression.

i.  The market is weak form efficient if the current price reflects all information derived
from historical pricesonly.

ii.  The market is semi-strong efficient if the current price also incorporates other
information that is obviously publicaly available. For the stock market, such
information could be for instance announcements of annual earnings or stock splits. For
crude oil prices, such information could be for instance announcements regarding new
technology that make it possible to retrieve more oil from old oil fields.

iii.  Finally, markets are strong form efficient if the pricesin addition to public information
reflect private information relevant for price formation, which only given investors or
groups have monopolistic access to. This is a rather extreme version of market
efficiency. In a strong form efficient market, in theory, there would be no need for
insider information legislation. It does not appear to be a very redlistic description of
real life markets.



2.2 The market efficiency hypothesis and its controversies

Although the market efficiency hypothesis in the form as presented by Fama (1970) had been
around for many years and from that perspective might be considered an established theory,
Silvapulle and M oosa (1999) stated that the empirical evidence regarding the market efficiency
hypothesis has not been unanimously positive. Malkiel (2003) summarized some of this
critique. Several of the points he addressed, such as predicting future returns from initial
dividend yield or the equity risk premium puzzle, are not directly applicable for the commodity
market and will not be further elaborated here. The interested reader is encouraged to read the
article for more information regarding the more stock-market related critique. Turning to some
of the points more directly valid also for the commodity market, Malkiel (2003) described how
a new movement of economists more concerned with psychologica and behavioral el ements
of the stock-price determination process claimed that future stock prices actually are somewhat
predictable. Even more controversially, some claimed that the predictable patterns allow
investors to earn excess risk adjusted rates of return. Lo and Mackinlay (1999) for instance
rejected the hypothesis of true random walk of stock prices, as they found both positive and
negative serial correlations as well as the existence of “too many” movesin the same direction,
implying the presence of amomentum effect in the short-run stock market prices. According to
Malkiel (2003), research within behaviora finance has found such short-run momentum to be
consistent with psychological feedback mechanisms. However, he rgected these findings as
evidence of market inefficiencies. Although the hypothesis of a perfect random walk might be
rejected on a statistical level, the economic gains from the lack of randomness are so small that
itisnot likely investors earn any excess returns from them. Further, these so-called bandwagon
effects might sound reasonable, but research performed for instance by Fama (1998) suggests
that underreaction and overreaction to information is approximately equally common, and that
postevent continuation of abnormal returns is approximately equally common as postevent
reversal of abnormal returns. Makiel (2003) further noted that the key factor is whether the
patterns are consistent over time, and that many predictable patterns seem to disappear once
they have received attention through publications. Malkiel’ sfinal conclusion was that the stock
markets are more efficient and less predictable than many of the critics claim, and that while
some predictability might exist, that is not synonymous with enabling investors to earn
significant extraordinary risk adjusted returns. The conclusion of Malkiel is similar to the
moderating views of Fama (1970) regarding assumptions for market efficiency as presented in
section 2.1, who commented that it isimportant to distinguish between necessary and sufficient

assumptions for market efficiency. It appears to be reasonable perspectives, and this thesis
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assumes that they can be considered valid also for the commodity market. The framework of
Fama (ibid.) regarding the market efficiency hypothesiswill therefore form the theoretical basis
of the thesis.

2.3 The market efficiency framework applied to commodity markets

Futures contracts can be defined as an agreement between two parties to buy or sell an asset for
an agreed upon amount at a specific time in the future (Fabozzi, Fuss, & Kaiser, 2008; Hull,
2015). Futures are standardized, as they are usually traded on an exchange. The participants of
futures markets can be divided into three broad groups; hedgers, speculators (traders) and
arbitrageurs. While hedgers, such as for instance commodity producers, use futures contracts
to reduce risk, speculators deliberately take on risk by betting on the prices in the market to
either decline or increase. Finaly, the arbitrageurs seek to generate riskless profits by entering
two markets at the same time, trying to take advantage of time- or location-based price
differences. Futures commodity contracts can be settled in two ways; either by physical delivery
on the date of maturity, or by closing the position prior to the maturity date (Fabozzi et al.,
2008). Physical delivery happensin approximately 2% of the cases.

Energy futures trading started with the establishment of the International Petroleum Exchange
(IPE) 2 in London in 1980 (ibid.). WTI crude oil futures started trading on the New York
Mercantile Exchange (NYMEX) in 1983. Already during the first year, daily futures contracts
on average traded 6,000 contracts, and sometimes as high as 10,000 contracts (Gllen, 1998).
Considering that one contract is equal to 1,000 barrels, the introduction of the WTI must be
considered successful. The success of the WTI futures, as well as the ending of the official
pricing by OPEC, initiated the introduction of the Brent Blend futures on IPE in 1988.

The Fama (1970) framework regarding market efficiency described in section 2.1 was
developed for the stock market. Financial commodity markets differ from the stock markets as
the underlying objects for instance requires storage or might be subject to decay. However,
many of the mechanisms are assumed to be the same, and the theory has been applied to the
crude oil market in avast number of studies, such asin thework of Crowder and Hamed (1993),
Silvapulle and Moosa (1999) and Switzer and El-Khoury (2007), to mention a few. For more
details on work performed and conclusions from the studies, see descriptions in section 2.5
below. All of the mentioned studies are concerned with investigating the relationship between

futures and spot prices. In order to explain why basis, or the difference between futures and

2 |PE changed name to | CE Futuresin 2005.



spot prices, might create an interesting starting point for market efficiency investigationsin the
crude oil market, one can derive an example similar to the one presented in section 2.1. Consider
acommaodity market where the assumptions mentioned in section 2.1 applies, meaning thereis
free information, no transaction costs and agreement on the implications of the information.

Further, assume that thereisamodel that is ableto predict the spot price of oil at acertain future
point in time, t. For simplicity, assume that the date of maturity is equal to the date of delivery.
Ignoring all other aspects such asrisk freerate and inflation; if the future spot price is expected
toincrease, aninvestor should go long in futures with maturity at point t. At point t, theinvestor
buys the crude oil in accordance with the futures contract price, and immediately sellsit in the
market for the higher spot price. As al information is available to all market participants, all
investors see this opportunity, and wish to go long in futures. This increase in demand for
futures pushes the price of futures up to the point where investors are indifferent to enter along
position in futures, because the gain is already incorporated into the price of the futures.
Therefore, in an efficient market, the price of the futures includes all currently available
information. The example will be vice versa if the future spot price is expected to decline.
Consequently, investigations of basis might provide information regarding the efficiency of the

market.

2.4 What cointegration implies regarding market efficiency

Cointegration analysis investigates whether there is a long-term relationship between time-
series variables (Fabozzi, Focardi, Rachev, & Arshanapali, 2014). For more details, see
description of cointegration in section 3.1. Considering the examplein section 2.3, cointegration
analysis seemsto be an appropriate method in order to investigate market efficiency, asit could
reveal if there is an empiricaly significant relationship between the two prices. Interestingly,
all though cointegration has been widely used for this purpose, there is a lack of consensus
regarding whether a market where cointegration prevails should be interpreted as efficient or
inefficient. Lal and Lai (1991) advocated that cointegration is one of the necessary conditions
for market efficiency, as the market efficiency hypothesis suggests that the futures price on
average is an unbiased predictor of the spot price. For investigating market efficiency, they

referred to the linear model:
Ss=a+ ﬁFt—l,t + & (D

where S isthe spot price at timet, o and S are constant coefficients, Fr.1 isthe price of futures

contract at time t-1 maturing at time t, and & is the error term, or the part of the current spot
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price not explained by the other factorsin the equation. According to Lai and Lai, cointegration
between S and F+.1t isonly one of the necessary conditions for market efficiency, as the market
efficiency hypothesis suggests that F.1t on average is an unbiased predictor of S. In addition,
itisrequired that o = 0 and S = 1, referred to as the unbiasedness hypothesis or the specul ative
efficiency hypothesis. Thisis also the view of for instance Chowdhury (1991), Silvapulle and
Moosa (1999) and Switzer and El-Khoury (2007).

Others, such as Granger (1986) or Haikko and Rush (1989), claimed that cointegration would
contradict the market efficiency assumption, as the price of one of the assets then may be used
to predict the price of the other asset. Consistent with Fama’'s (1970) definition of weak form
market efficiency, price changes from one period to the next should be unpredictable given
today’s current prices (Crowder & Hamed, 1993). Masih and Masih (2002) suggested that
markets where cointegration prevails are inefficient only if investors can use the predictability
to earn risk-adjusted excess returns. Predictability in itself, however, does not necessarily say
anything about inefficiency. Dwyer and Wallace (1992) concluded that cointegration does not
suggest neither market efficiency nor market inefficiency. Cointegration of asset prices is
simply afunction of the relevant model used. According to Maslyuk and Smyth (2009), that is
also the view with which the opinion now lies.

Thisthesis will test whether spot and oil prices are cointegrated for the linear model shown in
equation (1), while imposing the restrictions =0 and f=1. In other words, the unbiasedness
hypothesis will be used. Cointegration will be interpreted as a sign of market efficiency, but in
addition, it is necessary that a=0 and =1 to conclude that the market has been efficient. More

specifically, therestriction f’=(1,-1) " will be tested, while holding the constant equal to zero.

2.5 Existing empirical studies of market efficiency in the crude oil market
The following section summarizes a few of the many studies performed regarding crude oil

market efficiency.

Silvapulle and Moosa (1999) used daily observations for the prices of spot, one month, three
months and six months futures when performing Johansen cointegration analysis for the WTI
crude oil market, for the period January 2 1985 to July 11 1996. They found that the spot price
was only cointegrated with the one month contract. As a possible explanation as to why only
the shortest maturity was cointegrated with the spot price, they referred to Moosa (1996). He

concluded that it is the price of the contract one month ahead of time that forms the basis for
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speculation in the crude oil futures market, as uncertainties cause the speculators to have short

time horizons for their decisions.

Based on monthly observations from NYMEX for the period March 1983 to September 1990,
Crowder and Hamed (1993) performed Johansen cointegration analysis using the futures price
30 daysprior to thelast day of trading, and the cash price of the futureson the last day of trading
asthe future spot price. Restrictions were imposed on alphaand beta so that a=0 and f=1. They
found significant cointegration and also support for the joint hypothesis, and interpreted their

result as supporting the simple efficiency hypothesis.

Jiang, Xie, and Zhou (2014) used nonparametric methods to estimate the Hurst indexes when
testing the USWTI oil market efficiency from April 4, 1983 to October 2, 2012, based on daily
closing prices for spot and futures. They found the market to be efficient when the period as a
whole was considered. Dividing the period into subsections showed that inefficiency only

occurred when there was turbulent events, such as the Gulf War.

Maslyuk and Smyth (2009) investigated the spot/futures- relationship using the Gregory
Hansen test, which is a residual-based cointegration test that allows for one structural break.
They tested for abivariate relationship between spot and futures prices, both for the same grade
of crude oil as well as different grades of crude oil, for instance cointegration between WTI
spot and Brent Blend futures prices. The datawas daily prices for Brent Blend and WTI for the
period January 1991 to November 2008, for spot, one month and three months futures contracts.
They found cointegration both for spot and futures prices of the same grade, aswell as different
grades. They further suggested that appropriate cointegration model s should include a structural
break, as they found statistically significant break points for the period tested.

Moosa and Al-Loughani (1994) criticized earlier studies for having imprecise definitions of
market efficiency as well as applying inappropriate statistical methods and foregoing the
necessary test of =0 and =1, or the unbiasedness hypothesis, as defined in section 2.4. Based
on monthly observations for the WTI spot, one month and three months futures prices for a
sample period of January 1986 to July 1990, they performed an Engle-Granger cointegration
analysis. The test statistics showed significant cointegration relationships for all variables.
However, as the restrictions a=0 and =1 were rejected in all cases, Moosa and Al-Loughani
concluded that the market was not efficient for the period investigated.

Switzer and El-Khoury (2007) criticized the work of Moosa and Al-Loughani (1994) by
suggesting that they had drawn their conclusion based on a too short time period, that also
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included the highly volatile period dueto the Iragi war. Using daily closing pricesfor WTI spot
and one month-futuresfor January 1986 to April 2005, Switzer and El-Khoury (2007) examined
the futures efficiency focusing on the inclusion of periods with extreme conditional volatility,
such asthe Iragi war. Based on results from the Johansen cointegration test, they found that the
futures had been unbiased predictors of the future spot price, and that the spot and futures prices
had been cointegrated. Consequently, the conclusion was that the market had been efficient.

2.6 Summary of the literature review

In this section follows a brief summary of some of the key points from the literature presented
in section 2.1 to 2.5. Although the market efficiency hypothesisin the form presented by Fama
(1970) is well-established, it also has its critics, as Malkiel (2003) summarized in his article.
The points made that are most valid for commodity markets was suggested to be the findings
of some predictability and momentum effects. Malkiel argued that the existence of some degree
of predictability should not be interpreted as inefficiency becauseit is unlikely that the findings
described has allowed the investors to earn significant extraordinary risk adjusted returns. This
thesis assumes the same conclusion might be applicable for the commodity market, and
therefore, the market efficiency hypothesis framework (Fama, 1970) will form the theoretical
foundation for the thesis. Cointegration analysis of basis has been widely used to investigate
efficiency in the crude oil futures market, but while some, such as for instance Lai and Lai
(1991), considered cointegration to be a sign of efficiency, others, such as Hakkio and Rush
(1989) perceived cointegration as a sign of inefficiency, as it aso indicates predictability.
Dwyer and Wallace (1992) concluded that cointegration in itself implies neither efficiency nor
inefficiency, that is determined by the relevant model used. This seems to be a reasonable
assumption. Further, Lai and Lai (1991) among others claimed that cointegration is only one of
the necessary conditions in order to conclude that a market has been efficient. In addition, it is
required that the joint hypothesis a=0 and =1 can not be rejected, meaning that the futures
price has been an unbiased estimator of the spot price.

The results from various empirical studies differ. Silvapulle and Moosa (1999) found that only
the one month contract was cointegrated with the spot price when investigating the one, three
and six month futures of WTI. They did however not include the restrictions of the joint
hypothesis. Moosa and Al-Loughani (1994) found cointegration, but not support for the joint
hypothesi s, when investigating the one month futures contract for WTI. Switzer and EI-Khoury
(2007) and Crowder and Hamed (1993) found both cointegration and support for the joint
hypothesis for the WTI one month futures. Using a cointegration test that allowed for a
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structural break, Maslyuk and Smyth (2009) found cointegration both for the same oil types,
and across ail types, for the one- and three- month contract for both WTI and Brent, and they
alsoidentified astructural break. Finally, considering turbulent periods, Jiang et al. (2014) used
nonparametric methods and found efficiency for thetotal period, but inefficiency during periods

with turbulent events.

Summarizing, most of the empirical work described above only included the shortest contracts
and only WTI crude oil in the analyses. Silvapulle and Moosa (1999) included the one-, three-
and six- months futures of WTI and Maslyuk and Smyth (2009) included both Brent and WTI,
but none of them included the restriction of the joint hypothesis. This thesis seeks to mediate
that gap by including all maturities from 1-6 months for futures of both crude oil types, and
performing cointegration pairwise both for the same and across blends, while at the same time
imposing the restrictions of the joint hypothesis. Hopefully, by combining all of these aspects,
new information regarding the spot/futures- relationship will be revealed.

3 Methodology

In this part of the thesis, there will first be provided a definition and a general description of
cointegration. Then follows a description of how the models were established. Third, the
concepts of stationarity and non-stationarity will be explained, and the three different varieties
of the Augmented Dickey-Fuller test will be presented. Next, the Johansen cointegration test is
described, followed by a presentation of the test of weak exogeneity.

3.1 Cointegration

When two variables are cointegrated, the difference between the two variables is stationary,
though the variables themsel ves are non-stationary (Hill, Lim, & Griffiths, 2012). Cointegration
implies that the variables share similar stochastic characteristics, and since the difference
between them is stationary, consequently, they never drift too far apart from each other. Though
there might be great variations in the individual development of the variables, there seems to
be some form of restrain that prevents them from moving too far apart from each other. As an
informal comparison, thereisasimple example circulating on different statistical forumsonline
that compares cointegration between two variables to a drunk man walking his dog on a leash.
Both of them wander around, sometimes the man is walking on the left side of the dog, while
sometimesit is the other way around. Sometimes they walk close, other times the leash is tight

because they wander off in separate directions. Nevertheless, although their separate routes are
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different, they end up in the same place, and they never walk too far apart from each other
because of the restriction of the length of the |eash.

Cointegration provides a method of investigating rel ationshi ps between non-stationary data, as
regression analysis can cause false significant results if applied to variables that do not have a
constant mean or variance (Hill et al., 2012). However, if two variables are to form along-run
equilibrium relationship, as cointegration implies, it is a prerequisite that they are integrated of
the same order (Quan, 1992). The order of integration of avariable is the minimum number of
times the variable must be differenced in order for the variable to become stationary. A variable
that isnon-stationary inlevelsand stationary in first differences can be denoted as1(1), meaning
that it isintegrated of order 1. Thisthesiswill apply the Augmented Dickey Fuller (1979)- test
to investigate the integration- characteristics of the variables.

3.2 Establishing the models

The models were established by following the principles of the Box-Jenkins (1976) approach,
as described by Box, Jenkins, and Reinsel (2008), though adjusted to fit the characteristics of
the hypothesesto be tested. First, the variables were investigated for stationarity characteristics,
see section 4.5, to see if all variables were integrated of the same order and as such applicable
for cointegration analysis. Second, VAR-models were estimated, using Akaike Information
Criterion (AIC) as lag selection criterion. Finally, diagnostic tests were performed for the
residuals of the estimated VAR- models in form of autocorrelation-, heteroskedasticity- and
normality- teststo see whether they followed the assumptions of the model. The diagnostic tests
used are described in section 3.2.1 below. If autocorrelation was detected, the number of lags
was increased by one until autocorrelation was no longer present in the residuals. Therationale
for this is based on the theory to be tested; the simple efficiency hypothesis claims that the
current price reflects all information derived from historical prices. Consequently,
autocorrelated residuals indicate that the model might not be properly fitted to capture the

phenomenon.

3.2.1 Diagnostic tests for the residuals

Errors are seria correlated or autocorrelated if the value of the error term is dependent on
previous values of itself (Hill et al., 2012). This meansthat correlation in time between present
and past values of the variable has not been completely captured by the variables in the model.
Autocorrelation can be removed by increasing the number of lags, or lagged variables, included
in the model. Thisthesiswill use the Breusch-Godfrey- test (Breusch, 1978; Godfrey, 1978) to

14



check for autocorrelation. Rejection of the null hypothesis suggest that the residuals are
autocorrel ated.

Heteroskedasticity means that the observations have different variances (Hill et al., 2012).
Using crude oil as an example, heteroskedasticity is present if for instance the variance of the
low oil prices is lower than the variance of the high oil prices. This thesis will use ARCH-
model (Engle, 1982), short for Auto-Regressive Conditional Heteroskedasticity, to check for
heteroskedasticity. A regjection of the null hypothesis in the ARCH-test means that ARCH-
effects exist in the data.

Variables are non-normal if the mean and variances are not normally distributed (Hill et al.,
2012). Most tests, including the Johansen cointegration test, assumes anormal distribution. The
Jarque-Bera (1980) test statistic allows for acombined test of skewness and kurtosis. If the null
hypothesisis rejected, the data is non-normal.

For the total period, there was found no autocorrelation in the residuals when applying Akaike
Information criterion (AIC) as a lag selection criterion, and AIC is therefore used for those
variables. For the sub period however, the small sample size caused errors when trying to
calculate lag selection according to AIC, as R software then suggested 13 lags for all time
variables. Such a high number of lags would significantly reduce the power of the test.
Therefore, an aternative approach was used to choose the amount of lags for those variables.
First, unrestricted VAR models were estimated with lag amount of 2. Residua checks were
performed regarding autocorrelation. For all those variables where the residuals were
autocorrelated, lag order was increased by one. If the residuals of this VAR model also were
autocorrelated, lag order was again increased by one, until autocorrelation no longer was
present in the residuals of the unrestricted VAR model. The number of lags chosen can be seen
inappendix A and B. This study usesthe trace statistic only, asit has shown signs of robustness
against non-normality (Yin-Wong & Lai, 1993) and against moderate residual ARCH-effects
according to Rahbek, Hansen and Dennis (2002) as referred in Juselius (2006). The residuas
of the models were tested for autocorrelation using Portmonteau test, non-normality using JB-
test and heteroskedasticity using ARCH-test. As previously mentioned, there was no
autocorrelation in the residuals of the final models, but there was non-normality and
heteroskedasticity for several of the models. However, as the trace statistic has shown some
robustness against heteroskedasticity and non-normality, the result did not affect the further
development of the models. The results are however listed in Appendix E and F to show to the
reader of the thesis the characteristics of the residuals of the models.
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3.3 Tests for stationarity/non-stationarity

A time series, v, is stationary if it for al values and for al time periods has the characteristics

specified as:
E(y)) = n @)
var(y,) = o2 ©)
cov(ye, Yers) = cov(Ve, Ve-s) = Vs (4)

where E(y;) = u means that the time series has a constant mean, var (y;) = ¢ meansthat thetime
series has a constant variance, and cov(y,yi+s) = cov (Vi) = ys means that the covariance
between two values in the time series depends only on the length of time, s, separating the two
values, and not the actual times at which the values are observed, t (Hill et a., 2012). If
regression analysis is applied for non-stationary time series data, one can get apparently
significant regression results, although the relationships in reality are spurious. It is therefore
important to test for non-stationarity prior to choosing the method of analysis for the
relationship between spot and futures prices for the crude oil market.

The most popular test for determining whether a series is stationary or non-stationary is the
Dickey-Fuller (1979) test. Stochastic, or random, processes can include a constant term, include
atimetrend in addition to the constant term, or include neither a constant term nor atime trend.
Consequently, there are three different varieties of the Dickey-Fuller test, presented below.

When the null hypothesis described in section 3.3.1, 3.3.2 and 3.3.3, Ho: y = 0, is true, the
distribution of the t-statistic changes, because the data then is stationary and has a variance that
increases when the sample size increases. In order to mediate this problem, the t-statistic must
be compared to specia generated critical values. Thet- statistic is then denoted z instead of the
usual t. As adding a constant term or atime trend term alters the distribution of the time series,
the three tests below are compared to separate calculated critical values, zc. It is therefore

important to make a correct judgment regarding the attributes of the time series data.

3.3.1 The Dickey- Fuller test with no constant and no trend
In order to demonstrate the Dickey-Fuller test with no constant and no trend, consider asimple,
univariate AR(1) model specifying the value of variabley:

Yt = PYt-1 T V¢ %)
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where y; isthe value of y at timet, y:.1 isthe value of y at timet-1, t istime, p is the parameter
and the v; are independent, random error terms with a zero mean and a constant variance %
(Dickey & Fuller, 1979). In order to make the formula above more intuitive, one can alter it by
subtracting y:.1 from both sides (Hill et al., 2012):

Ye = Vt-1 = PYt-1 — Yt-1 T V¢ (6)
Ay = (p — Dy +v¢ (7)
Ay = YY1+ 1t (8)

wherey = p - 1. A Dickey-Fuller test is aone-tailed test checking whether the datais stationary
(H1: vy < 0) or non-stationary (Ho: y = 0), or, if instead using the original formula, checking
whether the data is stationary (H1: p < 1) or non-stationary (Ho: p = 1). In other words, as the
null hypothesisisthat the datais non-stationary, alack of rejecting the null means that the data
is non-stationary, while if the null is regjected, the datais stationary.

3.3.2 The Dickey- Fuller test with a constant but no trend
The Dickey-Fuller (1979) test for time series with a constant but no trend includes a constant
term, «, in the above equation (9), transforming it to:

Ay =a+yye 1+ 9)
The null and alternative hypothesis are the same as previously mentioned, Ho: y =0, H1: y <0.

3.3.3 The Dickey- Fuller test with a constant and a trend
Finally, the Dickey-Fuller (1979) test for time series with a constant and a time trend includes

both a constant term, o, and a time-trend term, A+
Ay, =a+yyeq+ 4+, (10)
The null and alternative hypothesis are the same as above, Ho: y =0, H1: y <0.
3.3.4 The augmented Dickey- Fuller test
The extended version of the Dickey-Fuller test is referred to as the Augmented Dickey-

Fuller(1981)- test (ADF-test). For the test of stationarity in this thesis, the ADF-test was used.
Compared to the original Dickey-Fuller test, the ADF-test includes lagged first differences of
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the time series variable in order to correct any autocorrelation in the error term, giving the

following test equations:

ADF-test: no constant, no trend

m
Ay = YY1 + Z as Ayi_s + v, (12)
s=1
ADF- test: constant, no trend
m
Ay, =a+yye—, + Z as Ay,_s + v, (12)
s=1
ADF-test: constant and trend
m
Aye = a+yye_1 + A + Z as Ay, + v, (13)
s=1

where Aye1= (Ye-1- Yi-2), Aye2=(Yr-2- Ye-3),..., and as are the estimated lag coefficients. One should
add as many lags as required to make the data no longer autocorrelated. Adding lags has its
price. The more lags added, the more initial observations are lost, reducing the power of the test
(Wooldridge, 2013). However, if one does not include sufficient lags, the risk of falsely
rejecting Ho increases, as the validity of the critical values depend on whether the dynamics are
correct modeled. In other words, it isimportant to choose the numbers of layers included with

caution.

3.4 The Johansen test of cointegration

As previously mentioned, if regression analysis is applied for non-stationary time series data,
one can get apparently significant regression results, although the relationships in reality are
spurious (Hill et al., 2012). Cointegration analysis is however an appropriate analysis method
for time seriesdatathat arel (1), asdescribed in section 3.1. The well-established Engle-Granger
test for cointegration has some weaknesses (Fabozzi et a., 2014). First, any variable may be
utilized as the dependent variable. Engle and Granger showed that as the sample size
approachesinfinity, the cointegration test gives the same results regardless of which variableis
chosen as the dependent variable. The question is how big the sample must bein order to avoid
any errors from the choice of rank as dependent/independent variable. Another problem is that

the errors used to test for cointegration are not the true errors, they are the estimates of the true
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errors. Consequently, if there are any mistakes in the estimate of the error term, this will be
carried forward into the final regression equation of the test. Finally, the Engle-Granger test is
not able to handle multivariate relationships. As these weaknesses are mediated in the Johansen
model for cointegration (ibid.), this thesis applied the Johansen cointegration test for analysis

of cointegration relationshipsin the crude oil market.

The Johansen test of cointegration (Johansen, 1988, 1991; Johansen & Juselius, 1990) enables
tests of cointegration relationship for more than two variables. While the Engle-Granger
cointegration analysis is an error-correction model, the Johansen cointegration test uses
maximum likelihood as estimation strategy (Crowder & Hamed, 1993; Switzer & El-Khoury,
2007). Considering ageneral VAR model of order k written in the error correction form:

k-1

AXt S Dt + HXt—l + Z FLAXt—l + (":t

=1

(14)

where X: isap x 1 vector of (1) variables, 4X: is calculated as Xi — Xt1, D is a deterministic
term for constant or time trends, /7 and I” are matrixes of coefficients, &: isthe error term at time
t, and p isthe number of dimensions. 77 isap x p matrix, and has reduced rank if the variables
in X; are cointegrated. /7 can further be decomposed into the two matrices o and 5, which are p
Xr matrices, sothat o = I1. Whilethe columnsin 5 show ther stationary or cointegrated linear
combinations of X;, a have corresponding columns presenting the corresponding error
correction coefficients. These can be interpreted as the speed of the adjustment parameters. The
hypotheses are specified as restrictions on 77, so it isthe rank of /7 that is of interest (Johansen,
1991). Therank of 77 will ber if therearer cointegrating vectors, and as the maximum number
of cointegrating vectors are N-1, r can range from zero to N-1 (Kocenda & Cerny, 2014). The
Johansen test uses the ordered sample of estimated eigenvalues A1> A2 > A3 >...>\n to produce
two different test statistics, the maximum eigenvalue statistic and the trace statistic. The trace
statistic formulais as follows:

N
Atrace(r) =-T Z In(1-4;) (15)

i=r+1

and tests the hypothesis Ho: rank I1 is less or equal to r against H1: rank I1 is bigger than r.
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The maximum eigenvalue statistic is calculated as.

Amax(r+1) ==Tln(1 — A44) (16)

and tests the hypothesis Ho: rank I1 is less or equal to r against H1: rank I1 is equal to r+1.

The test statistics has an asymptotical distribution and is compared against specificaly
calculated critical chi square values, as it does not follow the chi square distribution perfectly.
If the statistic calculated is above the critical value, the null hypothesisis rejected.

Asreferred in Juselius (2006), Rahbek, Hansen and Dennis (2002) found the cointegration rank
tests to be robust against moderate residual ARCH- effects. Further, Yin-Wong and Lai (1993)
found signs of robustness against non-normality for the trace statistics. In most cases, the trace-
and the max eigenvalue- statistic will lead to the same conclusion. The residuals for several of
the models used in this thesis show signs of both ARCH- and non-normality effects.
Consequently, conclusions in this thesis will be based on the trace test statistic, and the max

eigenvalue statistic will not be calculated nor commented further.

As described in section 2.4, this thesis defines the crude oil market as efficient if there is
significant cointegration while at the same time the unbiasedness hypothesis, « = 0 and g = 1,
cannot be rejected. Therefore, the cointegration tests will be run with the intercepts set to
“none”, or zero, while at the same time testing whether g’ = (1,-1)". It is required that all of

these conditions are met in order for the market to be defined as efficient.

3.5 Weak exogeneity
In the theory section, the linear relationship to be investigated was expressed as.

St =a-+ th—l,t + (":t (1)

The equation above defines spot price as the dependent variable and the futures price as the
independent variable. Thisisnot necessarily the case; for instance, Silvapulle and Moosa (1999)
found the spot/futures- relationship in the crude oil market to be bidirectional. If there is
uncertainty regarding the causality of the variables, it can be convenient to use a Vector Auto
Regression (VAR), which treats each variable symmetrically (Enders, 2010). In a VAR,
equations are specified for each variable. Consequently, variables are not defined as dependent
or independent, they are just defined as variables. If theintercept is excluded, asimple one-lag
VAR model for the spot-futures relationship described above can be:
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St = a118t—1 t a1F 1 + €5 (17)

Fy = a318i-1 + azoFi1 + €t (18)

where S is the spot price, Ft isthe futures price, a are coefficients and &; are the error terms, at
time t. Rephrasing this into a Vector Error Correction Model (VECM) that is normalized with
respect to S, we get the following equations:

AS; = ag,(St—1 — BFi—1) + &, (19)
AF; = ap,(Si—1 — BFi_1) + 5, (20)
where:
as, = — Ti2%2 ) = - azz' Ap, = d21
1—az az1 ‘

By transforming it to a VECM, it is now possible to see how changes in one of the variables
affect the value of the other variable. The aphas are referred to as speed of adjustment
coefficients. In other words, the size of the alpha determines how fast the variable responds to
the deviation from the long-run equilibrium relationship in the previous period. This is the
“error correction”- part of the model. It is not possible for both alphas to be zero, this would
mean that the change in the variables was only aresult of the error terms, and by definition, it
would no longer beaVECM. However, by using two separate cal cul ations, each timerestricting
one of the alphasto be zero, it is possible to get implications regarding the rel ationship between
the two variables. Two tests will therefore be performed for all models; first atest where

Ho: as = 0, which means that the futures prices has led the spot prices, and second atest where
Ho. art = 0, meaning that the spot prices has led the futures prices.

This concludes the presentation of the different methods applied in this thesis. Next follows a
presentation of the datathat is to be investigated.

4 Data

In the data section, first background information for the WTI crude oil and the Brent Blend will
be presented. Then, the dataframe period, datagathering process aswell as datatransformations
and considerations will be described. Next follows descriptive statistics of the variables

included inthe analysis, before a presentation of the stationarity/non-stationarity characteristics
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of the variables, in the form of the results from the ADF-tests. Finaly, asimplified analysis of
contango/backwardation is presented.

4.1 Description of the crude oils included in the analyses

4.1.1 WTI crude oil

The West Texas Intermediate crude oil, referred to asWTI, isalight sweet North American ail,
with delivery point at Cushing, Oklahoma (Clark, 2014). As can be seen in Figure 3, the
transshipment point of Cushing is centrally located, connecting the pipelines of the Gulf Coast
oilfields with consumers across most of the North American continent. The central location and
pipeline distribution network has led to the importance of the WTI as an important benchmark
within the oil industry.

Figure 3. The U.S. and Canadian oil pipeline system
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Note: Figure 3 shows the existing and proposed Canadian and U.S. oil pipelines as of 2015. Cushing, Oklahoma
is marked with a yellow marker. Source: Canadian Association of Petroleum Producers (2015).

4.1.2 Brent Blend crude oil

Brent is a light sweet European crude oil, with qualities quite similar to the that of the WTI
(Clark, 2014). Compared to WTI which is land based, Brent is retrieved via platforms in the
North Sea. The crude oil generally just referred to as Brent today, is more accurately the Brent
Blend, which is ablend of crude oils from the four North Sea oilfields Brent, Forties, Oseberg
and Ekofisk. The Brent Blend was constructed to keep the benchmark viable, as the Brent field
has declined from a peak production of approximately 400,000 bbls per day in the mid-1980s,
to practically zero today. All of the four crude oils have different landing points, as shown in

Figure 4. Pipelines connect Brent to the Sullom Voe shipping termina at Shetland Islands,
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Forties to the Hound Point terminal in the UK, Oseberg to the Sture terminal in Norway and
Ekofisk to the Teesside terminal in the UK.

Figure 4. Location and landing points for the four oil fields included in the Brent Blend
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4.2 Description of time frame of the data

Daily historical spot and futures closing prices for WTI (NYMEX) and Brent (ICE) were
downloaded using the financial database Datastream on April 29 2016. For futures contracts,
the durations chosen were 1 month, 2 months, 3 months, 4 months, 5 months and 6 months,
which in thisthesis often will be referred to using the abbreviations 1M, 2M, 3M, 4M, 5M and
6M. There were differencesin how much historical datathat was availablefor the different spot

and futures contracts, as Datastream does not have all historical datafor al contracts.

The datadownloaded for the WTI spot and futures contracts was for the period 02.01.1986 until
31.03.2016. For Brent, data for spot and the 1M futures contract ranged from 02.01.1989 until
31.03.2016, while the history for the rest of the futures contracts was from 01.10.2003 to
31.03.2016. For simplicity considering comparison, for Brent this thesis has applied futures
data from 01.10.2003 for all maturities. After lagging the futures prices, only those lines with
pricesfor al six maturities were included in the analyses. Consequently, the time frame for the
lagged prices was April 2004 to March 2016 for Brent and July 1986 to March 2016 for WTI,

as described in section 4.4.
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4.3 Data transformations and considerations

Spot prices were obtained as daily closing prices. For the Brent Blend, dated Brent was used as
a spot price, asthisisthe underlying object of the futures considered. Dated Brent is however
not “as spot” as the WTI, since it takes on average 17 days before it is ready for delivery
(Caumon & Bower, 2004). The futures prices were downloaded as continuous time series for
each duration type, with switch over to the next month on thefirst day of the new month trading.
All variableswerelog-transformed prior to the analysisin order to make them more streamlined
and adequate for analysis. It was decided not to do any more transformations of the data, such
as for instance winsorizing or removal of outliers, in order to preserve as much information in
the data as possible. The rationale for thisis that what is first perceived as outliers or extreme

values might actually be a display of the characteristics of market efficiency/inefficiency.

For the “total period”, datawas used for as long periods as data for both spot and futures of the
blends was available, which was January 1986 to March 2016 for WTI and October 2003 to
March 2016 for Brent Blend, as described in section 4.2. The “sub period”, which was the
period where the prices declined, was defined as of January 2012 throughout March 2016. The
starting point of 2012 was chosen as this was the point in time where the produced amount of

shale oil started to significantly increase, as can be seen in Figure 2.

Consistent with the theories described in section 2.3, the current price of futures was to be
compared to the spot price at maturity. In order to do thisin a more practical manner, the data
were converted into monthly observations. Samuelson (1965), as referred in Black and Tonks
(2000), found that the prices of futures have varying volatility, with increasing volatility when
approaching the maturity date. Thisis also referred to as the Samuelson effect. Consequently,
calculations of average monthly prices for futures can include a lot of noise, decreasing the
quality of the estimate. Instead, afixed date every month was chosen asthe monthly observation
for the future contracts. The date was set approximately one week ahead of the last day of
trading.

For WTI, the last day of trading is three business days prior to the 25" calendar date of the
month prior to the contract month. If that date is not a business day, it is the first business day
prior to that (U.S. Energy Information Administration, 2016b). For WTI, the 15" every month
was chosen as the observation date, as this was approximately one week ahead of the last day
of trading. If the 15" was not a business day, the next business day following the 15" was
chosen as the observation date.
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For Brent, the last day of trading for the one month futures contract up to and including the
February 2016 contract was the 15" calendar date in the month prior to the delivery month, if
this date was a business day (The ICE, 2016). If this was not a business day, then the last day
of trading wasthe first business day prior to the 15" calendar datein the month prior to delivery.
Asof, and including, the March 2016 contract, the last day of trading was the last business day
of the second month preceding the delivery month. As an example, if January 31 2016 was a
business day, this would be the last day of trading for the March 2016 one month futures
contract. For this thesis, up until and including February 2016 delivery contracts, the 5" every
month was chosen as observation date. If the 5" was not a business day, the next following
business day would be the observation date. For the contracts with delivery in March 2016, the
20" two months prior to the contract date was chosen as the observation date for the one month
futures, the 20" three months prior to the delivery month for the three month futures, and so on.
If the 20" was not a business day, the first business day following the 20" was chosen as the

observation date.

Ideally, if one were to follow the theories exactly as described in section 2.4, the futures price
should be compared to the spot price on the exact date of delivery. However, determining the
exact day for delivery ischallenging. Therefore, as an estimate for the spot price upon delivery,
the average spot price for the delivery month has been chosen as the monthly observation value

for spot prices.

There are disadvantages regarding the described methods chosen to obtain the monthly
observation values. For the futures observations, there is a risk that the chosen date is very
different from all other dates, also referred to as a statistical outlier, and that if we had chosen
the prior or subsequent date, the conclusions from the analysis would have been different. For
the spot prices, extreme values might bias the cal culated average. However, for the purpose of
this thesis, the benefits of this convenient way of handling the data is considered to outweigh

the potential negative consequences mentioned.

4.4 Descriptive statistics

Table 1 shows descriptive statistics for what will hereafter be referred to as the “total period”.
For Brent, thisisfrom April 2004 to March 2016. For WTI, itisfrom July 1986 to March 2016.
Table 2 shows descriptive statistics for what will hereafter be referred to as the “sub period”,
which is the period where the prices declined after the shale oil revolution, which is January
2012 to March 2016, for both blends.
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Table 1. Descriptive statistics of variables for the total period

Variable Mean Std.dev. Min. 5% perc Median 95% perc Max.

Brent spot 4.3099 0.3687 3.4377 3.6470 4.3205 47779 4.8911
Brent 1M 4.3155 0.3682 3.3279 3.6225 4.3303 4.7656 4.9549
Brent 2M 4.3204 0.3625 3.3690 3.6272 4.3364 4.7642 4.9605
Brent 3M 4.3242 0.3606 3.3628 3.6139 4.3445 47624 4.9654
Brent 4M 4.3239 0.3654 3.33%4 3.5712 4.3527 4.7597 4.9694
Brent 5M 4.3217 0.3726 3.3109 3.5537 4.3577 47571 4.9723
Brent 6M 4.3182 0.3811 3.2880 3.4689 4.3602 4.7544 4.9756
WTI spot 3.5349 0.6702 2.4289 2.7017 3.3387 4.6264 4.8970
WTI 1M 3.5312 0.6711 2.4467 2.6788 3.3503 4.6091 4.9326
WTI 2M 3.5288 0.6766 24432 2.6873 3.3411 4.6075 4.9371
WTI 3M 3.5248 0.6823 24319 2.6961 3.3073 4.6091 4.9404
WTI 4M 3.5195 0.6867 2.4406 2.6933 3.2817 4.6055 49435
WTI 5M 3.5153 0.6893 2.4406 2.7082 3.2699 4.6061 4.9460
WTI 6M 3.5114 0.6906 2.4406 2.7100 3.2554 4.6026 4.9477

Note: All numbers in log numbers. The spot prices are monthly averages. The futures prices are monthly observations on a
fixed date. Brent numbers are | CE-numbers and WTI-numbers are from NYMEX, all dataretrieved using Datastream.

Table 2. Descriptive statistics of variables for the sub period

Variable Mean Std.dev. Minimum 5% perc. Median 95% perc. Maximum
Brent spot 4.4269 0.3996 3.4377 3.5795 4.6723 4.7848 4.8305
Brent 1M 4.4606 0.3731 3.3279 3.6622 4.6617 47811 48187
Brent 2M 4.4888 0.3303 3.6058 3.8162 4.6617 4.7746 48117
Brent 3M 45111 0.2930 3.8304 3.9013 4.6604 4.7715 4.8066
Brent 4M 4.5284 0.2695 3.9142 3.9324 4.6613 4.7682 4.8018
Brent 5M 4.5433 0.2498 3.9281 3.9535 4.6574 4.7641 4.7965
Brent 6M 4.5577 0.2314 3.9156 4.0285 4.6564 4.7593 4.7902
WTI spot 4.3293 0.3721 3.4103 3.5541 45371 4.6657 4.6688
WTI 1M 4.3421 0.3689 3.3817 3.5251 4.5374 4.6736 4.6841
WTI 2M 43712 0.3352 34141 3.7030 4.5440 4.6689 4.6779
WTI 3M 4.3957 0.2974 3.6778 3.779 4.5454 4.6636 4.6655
WTI 4M 4.4142 0.2720 3.7810 3.8238 45474 4.6490 4.6706
WTI 5M 4.4295 0.2501 3.8315 3.8725 4.5451 4.6442 4.6742
WTI 6M 4.4438 0.2329 3.8493 3.8888 4.5440 4.6464 4.6762

Note: All numbers in log numbers. The spot prices are monthly averages. The futures prices are monthly observations on a
fixed date. Brent numbers are | CE-numbers and WTI-numbers are from NYMEX, all dataretrieved using Datastream.

From Table 1 and Table 2, one can see that the in most cases, the mean increases with maturity,

except for WTI in the total period, where it decreases with maturity. The standard deviation
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increases with maturity for the total period, but decreases with maturity for the sub period.
Further, Brent Blend has ahigher pricethan WTI during both periods. The numbersfor the total
period are however not directly comparable, dueto thedifferenceintimeframefor the historical
data for Brent Blend and WTI. One can aso see implications of the Brent Blend being in
contango for both the total and sub period, as the futures prices are above the spot prices. The
numbers for WTI implies backwardation for the total period and contango for the sub period.
Thiswill be further explored in section 4.6.

4.5 The Augmented Dickey-Fuller test

In this section, results from tests of stationarity and order of integration will be presented.
Graphs showing the price development for the different maturities of the futures contracts can
be seen in appendix C for Brent Blend and Appendix D for WTI. A graphical presentation of

the spot prices can be seeninfigure 1 in section 1.1.

Table 3. ADF test results for the total period

Log pricesin levels Log pricesin first differences
Constant gncanﬁ’t;né Constant gncanﬁ’t;né

Brent spot -1.5791 -2.0526 -59.1931*** -59.1937***
Brent 1M -1.4952 -1.7997 -61.6657*** -61.6669***
Brent 2M -2.0683 -1.0951 -41.1248*** -41.2202%**
Brent 3M -2.1164 -1.0889 -41.0076*** -41.1110%**
Brent 4M -2.1656 -1.0849 -40.9013*** -41.0123***
Brent 5M -2.2177 -1.0866 -40.8315*** -40.9494%***
Brent 6M -2.2684 -1.0895 -40.7988*** -40.9232%**
WTI spot -1.6259 -2.9879 -65.4328*** -65.4287***
WTI 1M -1.5912 -2.9246 -66.6454*** -66.6413***
WTI 2M -1.4405 -2.6457 -64.2150%** -64.2111%**
WTI 3M -1.3485 -2.4709 -64.0513*** -64.0474%**
WTI 4M -1.2703 -2.3097 -64.1370*** -64.1332%**
WTI 5M -1.2254 -2.2423 -64.2242%** -64.2203***
WTI 6M -1.1930 -2.1968 -64.5273*** -64.5233***

Note: Critical valuesfor ADF-test with constant for 10%, 5% and 1% is-3.43, -2.86 and -2.57, respectively. Critical valuesfor
ADF-test with constant and time trend for 10%, 5% and 1% is -3.96, -3.41 and -3.12, respectively. *** denotes rejection of
null hypothesis at the 1% level

A visual inspection of the spot pricesin Figure 1 and the futures pricesin Appendix C and D,
suggests that the data have a constant, as the prices appear to be weakly fluctuating around
some positive value other than zero, pushing and pulling the prices up and down. There does
not appear to be atime trend. However, as one cannot rule out that there is a weak time trend,
the ADF-tests have been performed both with a constant, and with a constant and a time trend.
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L ags have been chosen in accordance with the Akaike Information Criterion (AIC). Theresults
from the ADF-test for the total period is presented in table 3, while the results from the test of
the sub period is presented in table 4. For all tests, the null hypothesis is that the data is non-
stationary. As evident from the tables presented, for all contracts and periods, the null
hypothesis for the log prices in level cannot be rejected, while the null hypotheses for the first
differences are rgjected at a significance level of 1%. Consequently, al data is 1(1) and
applicable for use in the cointegration analysis.

Table 4. ADF test results for the total period

Log pricesin leve Log pricesin first differences
Constant gncanﬁ’t;né Constant gncanﬁ’t;né

Brent spot -0.5622 -2.0438 -4.9821*** -5.0351***
Brent 1M 1.4431 -0.3682 -3.5433*** -4.2257%**
Brent 2M 0.6535 -1.2754 -4.5845*** -5.0837***
Brent 3M 0.0447 -1.4769 -4.5311*** -4.9360***
Brent 4M -0.0911 -2.0386 -4.5785%** -4.7234%**
Brent 5M -0.1899 -1.6858 -4 5255%** -4.9952***
Brent 6M 0.2138 -1.2533 -4.2072*** -4.5871***
WTI spot -1.0355 -2.186 -4.6613*** -4.6613***
WTI 1M 0.4947 -1.046 -4.1630*** -4 4727%**
WTI 2M 0.7882 -0.9068 -3.8701*** -4.2796***
WTI 3M 0.098 -1.2722 -4.3288*** -4.6391***
WTI 4M 0.0042 -1.6462 -4.5369*** -4, 7252%**
WTI 5M -0.3598 -1.7208 -4.3503*** -4.6170***
WTI 6M -0.0021 -1.4313 -4.3024*** -4.6253***

Note: Critical valuesfor ADF-test with constant for 10%, 5% and 1% is-3.43, -2.86 and -2.57, respectively. Critical valuesfor
ADF-test with constant and time trend for 10%, 5% and 1% is -3.96, -3.41 and -3.12, respectively. *** denotes rejection of
null hypothesis at the 1% level

4.6 Contango and backwardation analysis

Figure 5 shows the development of the spread between monthly averagelog pricesfor WTI and
dated Brent. For those instances where the spread is positive, the WTI price is above the Brent
Blend spot price, while when the spread is negative; the Brent Blend spot price was higher than
the WTI spot price. According to Milonas and Henker (2001), WTI has a dlightly higher price
than the Brent blend, as the quality of WTI results in slightly more gasoline, which is more
valuable, and dlightly less heating oil, which isless valuable. One must assumethat the qualities
of the two crudes have not changed significantly since 2001. The development in spread shown
in Figure 5 does however indicate that around 2011 and onward, something has changed.
According to EIA, the reason for the increased spread in 2012 was increasing oil production
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from North Dakota and Texas that exceeded the capacity of the existing pipeline infrastructure
to bring the crude to refining centers on the Gulf coast (U.S. Energy Information
Administration, 2013b). More expensive transportation methods such as railroads and trucks
had to be used to compensate for the limited capacity of the pipelines. This increased the costs
of the inland crudes such as WTI, and consequently decreased the price of WTI to account for
the increased costs. This is useful information to keep in mind when investigating the
backwardation/contango relationships.

Figure 5. WTI spot — Brent spot spread for monthly average log prices
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Note: Prices are monthly averages, al numbers in log. The data for WTI (NYMEX) and dated Brent (ICE) is
retrieved using Datastream.

Table 5 shows the results of a simplified analysis of backwardation/contango relationships for
the total period. Table 6 shows the same calculations for the sub period. Basis has first been
estimated on a monthly basis, using the monthly average spot prices subtracting monthly
observations of futures prices. The average basis has further been computed based on those
calculations. It must be emphasized that the calculations are very simple and meant more as an
indication of the contango/backwardation-state than athorough analysis. If on average the spot
price has exceeded the futures price, the contract pair has been classified as in backwardation.
If on average the spot price has been below the futures price, the contract pair has been classified

as in contango.

Considering the tota period, Table 5 shows that Brent spot/Brent futures and WTI spot/Brent
futures were clearly in contango as the spot price was below the futures price. The gap was

increasing with increasing maturities. Brent spot/WTI futures were also in contango, but the
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gap was decreasing with increasing maturities. Finally, WTI spot/WTI futures were in a
backwardation- shaped curve where spot prices exceeded the futures prices, with increasing
differences between spot and futures prices with increasing maturities.

Table 5. Contango/Backwardation- calculations for the total period

Variable Brent 1M Brent 2M Brent 3M Brent 4M Brent 5M Brent 6M
Brent spot -0.00522 -0.00996 -0.01543 -0.01908 -0.02181 -0.02375
WTI spot -0.03954 -0.04428 -0.04975 -0.05340 -0.05612 -0.05807
Variable WTI IM WTI 2M WTI 3M WTI 4M WTI 5M WTI 6M
Brent spot -0.02423 -0.02481 -0.02409 -0.02218 -0.02094 -0.01938
WTI spot 0.00054 0.00093 0.00209 0.00406 0.00518 0.00658

Note: The table shows the average of spot minus futures prices per contract for Brent and WTI for the total period,
where M is an abbreviation for months to maturity for the futures contracts. Calculations are based on monthly
averages, al numbers in log. Negative values indicate that the spot price was on average lower than the futures
price for the contract. Positive values indicate that the spot price was on average higher than the futures price.

Table 6. Contango/Backwardation- calculations for the sub period

Variable Brent 1M Brent 2M Brent 3M Brent 4M Brent 5M Brent 6M
Brent spot -0.01116 -0.01274 -0.01697 -0.01951 -0.02163 -0.02287
WTI spot -0.10876 -0.11033 -0.11456 -0.11711 -0.11923 -0.12047
Variable WTI IM WTI 2M WTI 3M WTI 4M WTI 5M WTI 6M
Brent spot 0.10343 0.09568 0.08957 0.08517 0.08184 0.07973
WTI spot 0.00583 -0.00192 -0.00803 -0.01242 -0.01576 -0.01786

Note: The table shows the average of spot minus futures prices per contract for Brent and WTI for the sub period,
where M is an abbreviation for months to maturity for the futures contract. Calculations are based on monthly
averages, al numbersin log. Negative values indicate that the spot price was on average lower than the futures
price for the contract. Positive values indicate that the spot price was on average higher than the futures price.

For the sub period, Table 6 shows that Brent spot/Brent futures and WTI spot/Brent futures
displayed the typical characteristics of contango. Brent spot/WTI futures were in
backwardation, but the differences between the spot and futures prices were decreasing with
increasing maturities. Finaly, the curve for WTI spot/WTI futures was in backwardation for
the 1M contract, but in contango for the rest of the contracts, with an increasing gap between

spot and futures prices.
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Please note that the WTI numbers go back to 1987 while the Brent numbers only go back to
2004, and as such, the contango/backwardation states of the different crude oil types are not
directly comparable for the total period. It is however interesting to observe that while WTI
was in backwardation for the 1987-2016 period, it was in contango for the years 2012-2016.

The results will be further discussed in the discussion section 6.2.

5 Results

In this section, first the results from the Johansen cointegration test will be presented. Finaly

follows a presentation of the results from the tests of weak exogeneity.

5.1 The Johansen cointegration test

The results of the Johansen cointegration anal yses are presented below. The results can be seen
in Table 7 for the total period, and Table 8 for the sub period. Column 1 describes the
cointegration pair investigated, where the first and second contract is one cointegration pair, the
third and fourth contract is one cointegration pair, and so on. Futures contracts are marked with
M with a corresponding number denoting the number of months to maturity, for instance the
Brent 1 month futures is denoted “Brent 1M”. The null hypothesis tested regarding
cointegration is shown in column 2, while the associated trace statistic is listed in column 3.
Column 4 shows the estimated beta for the cointegration pair. Column 5 lists the test statistic
for the test of the joint hypothesis, « = 0 and g = 1, with p-value shown in brackets. Column 6
and 7 show the test statistics for test of weak exogeneity, with p-values included in brackets.

The significance level was set to 5%. If the p-value was less than or equal to the significance
level, the null hypothesis was rejected. If the p-val ue was above 0.05, the null hypothesis could
not be rejected. Weak exogeneity was only tested and commented for those contract pairs that
were cointegrated at a significance level up to 10%. The results will be presented with own

headings for each combination of spot/futures contracts.

5.1.1 Brent spot/Brent futures

As can be seen in table 7, when considering the total period, Brent spot was cointegrated with
Brent 1M and 2M at a 1% significance level, with 3M, 4M and 6M at a 5% level, and the 5M
on a 10% significance level. The joint hypothesis of a=0 and =1 was rejected in al cases
except for the 1M contract, meaning that according to the definition of market efficiency
applied in this thesis, the market has only been efficient for the contract with the shortest
maturity.
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Turning to the sub period as shown in table 8, the spot price was cointegrated with the 1M, 2M,
3M and 4M futures at a 1% significance level. There was no significant cointegration between
Brent spot and the 5M and 6M contracts. Further, the results suggest that the market has only
been efficient for the 4M contract for the Brent spot/Brent futures combination, as this was the
only contract where there was both significant cointegration and alack of rejection of the joint
hypothesis of a=0 and =1 at a 5% significance level. Although also the 1M, 2M and 3M
contracts showed significant cointegration with the spot price on a1% level, thejoint hypothesis

was rejected.

5.1.2 WTI spot/WTI futures

For WTI, the spot price was cointegrated with WTI futures prices for al maturitiesat a 1 %
significance level for the overall period, as can be seen in table 7. Considering the sub period,
table 8 shows there was cointegration for the 1M, 2M, 3M and 4M contracts on a 1% level and
with the 5M contract on a 5% level. The joint hypothesis could not be rejected for the 1M
contract for the total period (p-value > 5%), and for the 2M, 4M and 5M contracts for the sub

period, implying market efficiency for those four contracts.

5.1.3 Brent spot/WTI futures

Brent spot was cointegrated with the WTI 1M at a 1% level, the 2M and 3M at a5% level, and
the 4M and 5M at a 10% level for the total period, as shown in table 7. The cointegration with
the 6M contract was on a significance level above 10%. Considering the results for the sub
period shown in table 8, Brent spot was only cointegrated withthe WTI 5M at a10% level. The
joint hypothesis was rejected in al cases, meaning that the market was not defined as efficient

for any of the contracts, in neither the total period nor sub period.

5.1.4 WTI spot/Brent futures

Finally, for the total period, the WTI spot price was cointegrated at a significant level with all
maturities of the Brent futures, as shown in table 7. For the 2M it was at a 5% level, while for
the rest it was at a 1% level. Regarding the sub period, table 8 shows that the WTI spot price
was only significantly cointegrated with the 2M, 3M and 4M contracts, at a 1% level. Thejoint
hypothesis could not be rejected for the 3M, 4M, 5M and 6M contracts for the total period and
for the 2M, 3M and 4M contracts for the sub period, which could be interpreted as a sign of

market efficiency for those contracts.
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Table 7. Results from cointegration analysis, test of joint hypothesis and weak exogeneity for the total period

Cointegration Joint test
Contract Ho trace statistic B Ho : 0=0, =1 Ho:ast=0 Ho:ar=0
Brent spot r=0 147.75*** 1.0149 3.55 (0.06) 2.34(0.13) 131.39 (0.00)
Brent 1M r<i1 5.56
Brent spot r=0 34.89%** 1.0404 6.82 (0.01) 1.77 (0.18) 27.62 (0.00)
Brent 2M r<i 3.32
Brent spot r=0 19.99** 1.0951 8.15 (0.00) 0.87 (0.35) 9.33 (0.00)
Brent 3M r<1 4.27
Brent spot r=0 20.18** 1.1419 7.43 (0.01) 1.18(0.28) 7.64 (0.01)
Brent 4M r<1 557
Brent spot r=0 16.95* 1.1637 7.17 (0.01) 0.09 (0.77) 8.62 (0.00)
Brent 5M r<i 3.88
Brent spot r=0 19.96** 1.1313 3.83(0.05) 0.00 (0.96) 7.71(0.01)
Brent 6M r<1 6.11
WTI spot r=0 63.14*** 1.0037 1.63(0.20) 1.65 (0.20) 58.21 (0.00)
WTI 1M r<1 245
WTI spot r=0 208.18*** 0.9939 5.49 (0.02) 14.80 (0.00) 182.43 (0.00)
WTI 2M r<1 2.62
WTI spot r=0 85.15*** 0.9848 9.14 (0.00) 1.02 (0.31) 75.35 (0.00)
WTI 3M r<i 217
WTI spot r=0 50.34*** 0.9781 7.39 (0.01) 0.29 (0.59) 46.32 (0.00)
WTI 4M r<1 1.86
WTI spot r=0 55.20%** 0.9728 8.52 (0.00) 0.68 (0.41) 50.35 (0.00)
WTI 5M r<1 1.94
WTI spot r=0 32.03*** 0.9663 7.14 (0.01) 2.40(0.12) 27.52 (0.00)
WTI 6M r<i 1.18
Brent spot r=0 27.77%** 1.1047 15.70 (0.00) 0.32 (0.57) 23.41 (0.00)
WTI 1M r<i 2.16
Brent spot r=0 21.03** 1.0909 9.97 (0.00) 2.37(0.12) 14.65 (0.00)
WTI 2M r<1 2.01
Brent spot r=0 18.57** 1.0833 7.86 (0.01) 1.63 (0.20) 12.88 (0.00)
WTI 3M r<1 1.60
Brent spot r=0 16.49* 1.0766 5.67 (0.02) 0.49 (0.48) 12.59 (0.00)
WTI 4M r<i 1.56
Brent spot r=0 16.08* 1.0655 3.75 (0.05) 0.80 (0.37) 11.31 (0.00)
WTI 5M r<i 1.85
Brent spot r=0 14.82 1.0599 2.89 (0.09) - -
WTI 6M r<i 1.48
WTI spot r=0 26.19*** 0.8143 8.93 (0.00) 4.86 (0.03) 13.76 (0.00)
Brent 1M r<i 5.21
WTI spot r=0 21.52*%* 0.8640 4.45 (0.03) 0.01 (0.91) 12.47 (0.00)
Brent 2M r<i 417
WTI spot r=0 26.12*** 0.8916 3.46 (0.06) 0.14 (0.71) 16.69 (0.00)
Brent 3M r<i1 4.69
WTI spot r=0 29.11%** 0.9001 3.61 (0.06) 0.16 (0.69) 20.26 (0.00)
Brent 4M r<i1 4.42
WTI spot r=0 23.75%** 0.8761 3.19 (0.07) 0.75 (0.39) 9.99 (0.00)
Brent 5M r<i 6.77*
WTI spot r=0 26.51%** 0.8881 3.00 (0.08) 1.09 (0.30) 12.36 (0.00)
Brent 6M r<i1 6.81*

Note: *, ** and *** denotes rejection of null hypothesis at the 10%, 5% and 1% level, respectively. For the test of
joint hypothesis and weak exogeneity, p-value isincluded in brackets.
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Table 8. Results from cointegration analysis, test of joint hypothesis and weak exogeneity for the sub period.

Cointegration Joint test
Contract Ho trace statistic B Ho : 0=0, =1 Ho:ost=0 Ho:ore=0
Brent spot r=0 64.92*** 1.0226 5.20 (0.02) 0.57 (0.45) 63.73 (0.00)
Brent 1M r<i 0.08
Brent spot r=0 108.50*** 1.0686 14.43 (0.00) 0.64 (0.42) 107.32 (0.00)
Brent 2M r<i 0.58
Brent spot r=0 101.95*** 1.0962 18.35 (0.00) 1.73(0.19) 101.46 (0.00)
Brent 3M r<i 0.22
Brent spot r=0 25.69*** 1.2305 2.93(0.09) 2.77 (0.10) 21.14 (0.00)
Brent 4M r<i 0.02
Brent spot r=0 14.21 1.3904 2.67(0.10) - -
Brent 5M r<i 0.04
Brent spot r=0 10.88 1.4447 1.68 (0.20) - -
Brent 6M r<i 0.14
WTI spot r=0 38.39*** 0.9835 4.45 (0.03) 0.14 (0.71) 37.70 (0.00)
WTI 1M r<i 0.15
WTI spot r=0 141.56*** 1.0163 3.05 (0.08) 3.50 (0.06) 140.37 (0.00)
WTI 2M r<i 0.00
WTI spot r=0 139.16*** 1.0653 29.71 (0.00) 1.28 (0.26) 133.38 (0.00)
WTI 3M r<i 0.13
WTI spot r=0 31.43*** 1.1000 0.94 (0.33) 5.15 (0.02) 26.81 (0.00)
WTI 4M r<i 0.13
WTI spot r=0 19.52** 1.2039 1.36 (0.24) 1.73(0.19) 13.87 (0.00)
WTI 5M r<i 0.12
WTI spot r=0 11.70 1.2734 0.89 (0.34) - -
WTI 6M r<i 0.04
Brent spot r=0 10.27 1.0031 0.00 (0.96) - -
WTI 1M r<i 0.04
Brent spot r=0 8.68 1.1603 3.86 (0.05) - -
WTI 2M r<i 0.55
Brent spot r=0 5.67 1.1549 2.33(0.13) - -
WTI 3M r<i 0.29
Brent spot r=0 21.24 1.2065 1.88(0.17) - -
WTI 4M r<i 0.03
Brent spot r=0 16.76* 1.3357 2.51(0.11) 0.70 (0.40) 13.00 (0.00)
WTI 5M r<i 0.01
Brent spot r=0 9.91 1.4983 1.99 (0.16) - -
WTI 6M r<i 0.16
WTI spot r=0 12.97 0.9036 3.32(0.07) - -
Brent 1M r<i 0.40
WTI spot r=0 52.04*** 1.0022 0.00 (0.95) 2.54(0.11) 48.20 (0.00)
Brent 2M r<i 0.26
WTI spot r=0 40.04%** 1.0700 1.16 (0.28) 8.31 (0.00) 35.70 (0.00)
Brent 3M r<i 0.02
WTI spot r=0 31.77%** 1.1117 1.12 (0.29) 4.29 (0.04) 23.24 (0.00)
Brent 4M r<i 0.00
WTI spot r=0 15.21 1.2241 1.14 (0.29) - -
Brent 5M r<i 0.05
WTI spot r=0 12.26 1.2182 0.56 (0.46) - -
Brent 6M r<i 0.00

Note: *, ** and *** denotes rejection of null hypothesis at the 10%, 5% and 1% level, respectively. For the test of
joint hypothesis and weak exogeneity, p-value isincluded in brackets.
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5.1.5 Weak exogeneity

Considering the tests of weak exogeneity, the null hypothesis Ho: as = 0 could only be rejected
on a significant level for the WTI spot/WTI 2M and WTI spot/Brent 1M for the total period,
and the WTI spot/WTI 4M, WTI spot/Brent 3M and WTI spot/Brent 4M for the sub period. In
other words, in most cases, it is found that the futures price has led the spot price.

The hypothesis of Ho: art = O isrejected on asignificant level for all cointegrated relationships.
Consequently, the tests of weak exogeneity imply that in general, the futures price has lead the
spot price.

6 Discussion

In this section, first a summary of key findings and a discussion of possible explanations and
what the results imply will be presented. Then follows some comments regarding the
contango/backwardation state of the market. Next, there will be a presentation of implications
of the findings for the different investors followed by a presentation of limitations of the study
performed, as well as suggestions for further work. Finally, a summary of the discussion and

the final conclusions will be presented.

6.1 Discussion of the results of the cointegration analysis

Market efficiency isin this thesis defined as significant cointegration, while at the same time
meeting the requirements a=0 and f=1. Summarizing the results for the total period, when
considering contracts of the same blend, the market has been efficient for the 1M contracts for
the cointegration pairs Brent spot/Brent futures and WTI spot/WTI futures. Further, it was
efficient for the combination WTI spot/Brent futures for the 3M, 4M, 5M and 6M contracts.
For the sub period, the tests showed market efficiency for the cointegration-pairs Brent
spot/Brent 4M, WTI spot/ WTI 2M, WTI spot/WTI 4M and WTI spot/ WTI 5M. Finally, there
was findings suggesting that the market was efficient for the combinations WTI spot/Brent 2M,
WTI spot/Brent 3M and WTI spot/Brent 4M futures.

It should be noted that in many cases, there were significant cointegration relationships, but as
the joint hypothesis was rejected, they did not follow the definition of efficient markets
according to this thesis. Regarding the weak exogeneity, the conclusion is that in general the

futures price has led the spot price.

Summarizing the results, there are three aspects in particular that need to be addressed:
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i.  For the total period, why was the market only efficient for the one month contract for
Brent spot/Brent futures and WTI spot/WTI futures, and not for the contracts with
longer maturities?

ii.  For the combination Brent spot/WTI futures, what does the results of no market
efficiency imply, and what can be possible explanations for this result?

iii.  For the sub period, the test results for the contracts with shortest maturitites implied
market inefficiency, while the test results for some of the contracts with longer
maturities for Brent spot/Brent futures, WTI spot/WTI futures and WTI spot/Brent
futuresimplied market efficiency. Thiswas also the case for the WTI spot/Brent futures
for the total period. What could be possible explanations for these seemingly sporadic
findings of efficiency?

Possible explanations for these questions will be presented bel ow.

For thetotal period, why wasthe market only efficient for the one month contract for
Brent spot/Brent futures and WTI spot/WTI futures, and not for the contracts with

longer maturities?

The finding of market efficiency for the 1 month contracts only is similar to the conclusion of
Silvapulle and Moosa (1999) when they investigated WTI one month, three month and six
month futures contracts. They referred to Moosa (1996) who found that crude oil market
speculation was based on the price of the contract with maturity one month ahead of present
time, due to uncertainty. Quan (1992) aso found that only the one and three month contracts
were cointegrated with the spot price when analyzing cointegration and price discovery for one,
three, six and nine month forward contracts for WTI for the period January 1984 to January
1989. Furthermore, the results are similar to the findings of Switzer and EI-Khoury (2007) who
found market efficiency for the one month WTI futures contract. There is however a difference
between the result of Silvapulle and Moosa (1999), Quan (1992) and theresult in thisthesis, as
Silvapulle and Moosa only found cointegration for the one month contract and Quan only found
cointegration for the one and three month contracts. This thesis has found significant
cointegration for all of thefutures contractsfor WTI for thetotal period, and for the four shortest
maturities for the sub period. Thisisinteresting, as it implies that the spot and futures prices
might be more closely linked today than they were previously. However, as this thesis has not
investigated the differences between the periods in particular, thisis just a comment and no
conclusions can be drawn on the matter of increasing long-term relationship between the
variables.
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Theline of reasoning regarding the one month futures contract being used for specul ation might
still be valid as a possible explanation as to why only the shortest contracts display the
characteristics of market efficiency. According to Wang and Wu (2013), different types of
investors in the market have different time horizons. Short-term investors such as traders or
speculators trade with short time horizons, focus on daily and weekly price changes and might
trade large volumes even when there are only minor changesin the price. In contrast, long-term
investors such as governments and oil producers focus rather on the quarterly or annual price
devel opments, and they might not trade unless the prices change over alonger period. In other
words, the investors can be considered heterogeneous. Using non-linear methods, Wang and
Wu found that the relationships between spot and futures prices were different in the short run
and long run, as in the short run, futures prices played the role of price discovery, while in the
long run, the relationship was bidirectional. Comparing to the test of weak exogeneity
performed in this thesis, there were no findings of bidirectional relationship in the price
formation. However, Silvapulle and Moosa (1999) found that when using a linear method, the
futures price led the spot price, while using a non-linear method, the relationship was
established asbidirectional. Consequently, it might bethat the weak exogeneity test of thethesis
does not reflect properly the relationship, asit is built on alinear model. The findings of Wang
and Wu (2013) and Silvapulle and Moosa (1999) might explain why the joint hypothesis was
considered valid only for the shortest maturity.

For the combination Brent spot/WTI futures, what does the result of no market

efficiency imply, and what can be possible explanations for thisresult?

It is quite interesting that while WTI spot/Brent futures were cointegrated for al contracts for
the total period and for some contracts for the sub period, Brent spot/WTI futures are only
cointegrated on a significant level for the shortest three maturities for the total period, and for
none in the sub period. In other words, there does not appear to be the same long-term
relationship between Brent spot and WTI futures asis present the other way around. A possible
explanation for thislack of relationship between the variables might be that Brent spot is*“less’
spot than the WTI spot. If the pipeline capacity permitsit, WTI crude oil isready for immediate
delivery the following day after purchase. The North-Sea based Brent Blend however is on
average available 17 days after purchase (Caumon & Bower, 2004). Caumon and Bower claim
that there in fact is no spot market for the dated Brent, it should rather be characterized as a

futures contract with shorter maturity than the one month contract. It should aso be mentioned
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that the one month contract for Brent was not cointegrated with the WTI-futures in the sub

period, while the contracts with longer maturity were cointegrated with the spot price.

The implication of the lack of cointegration between the spot price and futures prices, is that
the price development of the variables does not seem to be significantly connected. One can
draw aparallel from the example mentioned earlier of the drunken man walking his dog; there
was not found any leash binding the Brent spot and the WTI futures together during the sub
period nor for the three longest contracts during the total period. As the joint hypothesis was
rejected in al casesfor both the total period and the sub period, it suggests that the WTI futures
does not have a role in the price discovery of the Brent spot. Furthermore, the lack of
cointegration implies speculation opportunities.

For the sub period, the test results for the contracts with shortest maturities implied
market inefficiency, while the test results for some of the contracts with longer
maturities for Brent spot/Brent futures, WTI spot/WTI futuresand WTI spot/Brent
futures implied market efficiency. This was also the case for the WTI spot/Brent
futuresfor the total period. What could be possible explanations for these seemingly
sporadic findings of efficiency?

It must be emphasized that except for the WTI spot/Brent 1M contract, which were not
cointegrated, it was a consistent finding for the relationships mentioned in the heading that the
four or five shortest contracts were significantly cointegrated with the spot price. The more
seemingly sporadic market efficiency results were related to the tests of price discovery and
constant restrictions of the joint hypothesis. Intuitively, the pattern regarding which
cointegration relationships that meet the requirements of market efficiency appear abit random
and challenging to rationalize. It must be noted that several potential sources of errors might
have caused false results. First, the sub period consists of datafrom avery turbulent period, and
no outlier removal or other data trimming has been performed. For the total period, it might
have been evened out by the amount of data from the “normal” periods. For instance, Jiang et
al. (2014) found the crude oil market to be efficient when the overall period was considered.
When examining periodsincluding turbulent events only, such asthe Gulf War, the market was
however found to be inefficient. Second, it should be noted that although market efficiency is
implied for some of the relationships, that does not mean that it is proven. It might be random
results giving false results. A lack of rgecting the hypothesis of market efficiency is not the
same as proving the existence of market efficiency. Third, the Johansen cointegration test
assumes a linear relationship, while for instance Silvapulle and Moosa (1999) and Wang and
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Wu (2013), have found the spot/futures- relationship to be non-linear. This might have caused
false or random results. In addition, the number of lags affects the result of for instance the tests
of the joint hypothesis, if the lags were chosen differently, the results might have also been
different. For instance, §j6 (2008) recommended to have only two lags and instead create
dummy codes for the outliers to reduce white noise. Finally, previous empirical work of for
instance Maslyuk and Smyth (2009) suggest the existence of structural breaks. As this thesis
did not apply a method that incorporated such breaks, structural breaks might have caused

unusual results.

However, athough the results sometimes appear seemingly random, one can not dismiss the
possibility that contracts with longer maturities might in fact be efficient while contracts with
shorter maturities are inefficient. There might exist atime-varying risk premium, as found by
Moosa and Al-Loughani (1994).

Further, Moosa (1996) as referred in Silvapulle and Moosa (1999) found that speculation was
based on the one month contract due to uncertainty, and this led to market efficiency for the
contract. One might explore the possibility that in periods with rapid changes/declines, the
investors instead use the longer contracts for speculation based on an expectation of the prices
to return to normal considering alonger time horizon, a so-called reversal effect. The findings
of Moosaimplied that uncertainty led the investors to prefer the short contract. It might be that
in periods with extreme short- term volatility in spot prices, the price development within a
short time horizon is considered more uncertain and unpredictable than the price development
for alonger time horizon, leading the speculators towards the contracts with longer maturities
instead. However, asthe work of Moosa (1996) is not available, thisis just comments based on
how Silvapulle and Moosa (1999) referred to hisfindings. A more thorough reading of hiswork
would be necessary to further explore thisidea.

Another possible explanation considersthe heterogeneity of theinvestors. Wang and Wu (2013)
noted that the crude oil supply and demand elasticity was different for the short term horizon
compared to the long term horizon. They referred to an article of Wang et.al. not yet published,
that found that oil producers did not respond to occasional shocks, and that the produced amount
was only atered if the oil price changed significantly over a longer period of time.
Consequently, the supply elasticity was close to zero in the short term and a positive value for
the long term horizon. Combining this with the fact that the main investors with short term
horizons and the main investors with long term horizons are heterogeneous (Wang & Wu,

2013), one might consider if in fact the crude oil market might rather be perceived as several
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markets with different market participants, even when examining only one crude oil type. From
this perspective, it might very well be that different maturities have different efficiencies, as

there are different investors with different time horizons.

6.2 Comments regarding the contango/backwardation- relationships

The results in section 5.1 showed that the joint hypothesis could not be rejected for the one
month contracts for WTI and Brent for the total period, as well asfor afew other contracts. In
most cases however, the joint hypothesis was rejected. Consequently, the analyses implied that
there were other factors affecting the spot price instead of, or in addition to, the futures price.
Considerations regarding the spread between the two spot prices as well as the development in
contango/backwardation- relationships might shed alight on some of the dynamics of the crude
oil market after the shale il revolution. Asthe analysis performed in thisthesis does not include
volumes produced, storage levels or price volatility, it is limited which conclusions can be
drawn when discussing the below mentioned perspectives. The following section should
therefore be considered only as comments and not conclusions.

Table 5 showed that for the total period, the WTI spot/WTI futures were in backwardation,
while the rest of the spot/futures- relationships were in contango. The difference between spot
and futures prices was decreasing with increasing maturities for Brent spot/WTI futures. For
the sub period, table 6 showed that Brent spot/Brent futures and WTI spot/Brent futures were
al in contango, while Brent spot/WTI futures were in backwardation, and WTI spot/WTI
futures were in backwardation for the 1M contract but then the curve followed a contango for
the rest of the maturities.

There are several possible explanations to the state of contango. Referring to the theory of
storage (Brennan, 1958; Godfrey, 1978; Holbrook, 1949; Telser, 1958), contango can be seen
as aresult of either increasing interest costs, higher costs of storage or lower convenienceyield,
all else held equal. Comparing to the total period for WTI, which includes periods where the
interest rates have been higher compared to the period for the Brent data which starts at 2004,
interest rates do not really explain the contango. Datafor storage costsis not aseasily available,
therefore it will not be commented further. Rather, the focus will be kept on the concept of
convenience yield, in addition to the possibility of arisk premium.
From a supply/demand-imbalance perspective, investigated by Milonas and Henker (2001)
among others, the contango state of the market can be explained as a decreasing convenience
yield due to an increasing storage of crude oil, as they found convenience yield to be anegative
function of the level of stocks. Backwardation and contango can also be explained using risk
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premium theories, where futures markets function as risk transfer mechanisms between
investors with different levels of risk aversion. Kolb (1992) built hiswork upon the rational e of
Keynes(1930a, 1930b). Sellers of futures contracts can be seen as highly risk- averse short-
traders, who use futures to hedge unwanted risk. In order to have sufficient traders going long
in the futures to meet the demand of the risk-averse investors going short, the investors entering
a long position must be offered a risk premium to be compensated for the riskiness of the
position. As a consequence, the futures price istypically below the spot price, meaning that the
market is in backwardation, if the investors short in futures are more risk-averse than those
investors that are in long positions. On the other hand, if those in short positions are less risk-
averse than the investorsin along position, the market will bein contango. Considering the low
spot prices of for instance 2014/2015, thisintuitively makes sense. Producers expected the price
to incline, and did not wish to lock the price at the current low levels. Risk-averse hedgers
however did wish to lock the price to ensure that the costs would not be unexpectedly high in
the future. That the futures price was higher than the spot price, implies that the buyer of the
futureswasthe one paying for therisk premium. Kolb (1992) did however not find any evidence
of risk premium in his analysis, but others, such as Considine and Larson (2001), have found
that crude oil inventory assets contained arisk premium, and that it rose sharply with increasing
volatility. It could have been interesting to see whether there actualy existed such risk
premiums following the shae oil revolution in particular, considering the unusual
demand/supply- imbal ance situation caused by the shale oil increase.

It is further interesting to see that the WTI spot/WTI 1M- relationship was in backwardation
for the sub period, while the rest of the WTI spot/WT]I futures were in contango. According to
Kolb (1992), backwardation can imply that the sellers of the futures contract are more risk
averse than the buyers of the futures contract. Another possible explanation is based on option
price theory, where oil reserves are considered a call option on ail, with a call value larger the
larger the volatility of the oil price (Litzenberger & Rabinowitz, 1995). The model was tested
using WTI futures prices, oil option prices, US oil production and US oil reservesfor the period
December 1986 to December 1991. Their findings indicated that production only occurred if
the discounted futures price was below the spot price, implying that backwardation is a

necessary condition for production.

Finally, the findings of contango, in contrast to the assumption of “normal backwardation”
described by Keynes (1930a), is similar to what Kolb (1992) found. Investigating 29
commodities based on daily settlement prices for the years 1957 to 1988, he found strong
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evidence of the crude oil market following a contango. The result of the extensive analysis
showed that most commodities did not follow a special trend regarding backwardation or
contango. Consequently, Kolb concluded that normal backwardation is not a general feature of
futures market, as he made clear with his ending remark: “...normal backwardation is not
normal.” (Kolb, 1992, p. 90). The contango/backwardation-analysis in this thesis implies that
the quite bold remark might very well be valid.

6.3 Implications of the findings for different investors

The findings of market efficiency for only afew of the many relationships investigated implies
that using futures as a risk management tool might not be economically beneficial for all
maturities. The smplified analysis, which showed that in many cases the market was in
contango as the futures price was above the spot price at maturity, suggests that risk-averse
buyers of futures contract might not have an economical gain by hedging risk using futures
contracts in the crude oil market. However, for arisk averse hedger, it might be that the gain
from reducing risk outweighs the cost of paying a higher price. From this perspective, the
hedger prefers to pay the risk premium in order to reduce the risk. Finaly, it should be noted
that the relationships where there was alack of cointegration might imply possible speculation
opportunities.

6.4 Limitations and suggestions for further work

The following section will summarize some of the weaknesses of this study, as well as
suggestions for further work. The Johansen cointegration analysis applied assumes a linear
relationship between spot and futures, and does not incorporate any structural breaks. The
results of sometimes seemingly spurious lack of reection of the joint hypothesis might be a
consequence of the model not correctly reflecting the real-life dynamics. It could be interesting
to instead use a method allowing for structural breaks or non-linearity, to seeif it would give
other results. It is aso important to mention that fixed dates were used as monthly observation
for futures prices and monthly averages were used as monthly observations for spot prices.
There is a possibility that extreme values and outliers might have affected the monthly
observation values. Further, the number of lags applied for the Johansen cointegration test in
order to remove autocorrelation is high. §6 (2008) suggested as an dternative to have 2 lags
and include dummy variables for the outliers to remove white noise. This might have provided
easier interpretable results. A simple simulation for one of the pairs with high amount of lags
where the joint hypothesis was rejected, showed that by reducing the amount of lags to 2, the
joint hypothesis was no longer regected. Consequently, the amount of lags directly affects the
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power of the test statistics. However, removing outliers as Sj6 suggested might not be suitable.
As previoudly discussed in section 4.3, there is a risk of removing some of the evidence of

market inefficiencies.

6.5 Summary and conclusions

The results of the analyses of this study are extensive and sometimes challenging to interpret.
It should however be mentioned that had the analyses included for instance WTI for the total
period only, which is what most previous empirical studies presented in this thesis have done,
the conclusion might have been simply that the results were similar to the results of for instance

Switzer and El-Khoury (2007), who found market efficiency for the one month contract only.

Here follows a summary of some of the most interesting findings from the study performed in
thisthesis:

- For the total period, there was a high degree of cointegration between most variables,
implying that they were influenced by the same stochastic variables. Compared to the
previous work of for instance Silvapulle and Moosa (1999), it implies that the prices of
the spot and futures contracts possibly might be more closealy linked than previoudly, as
they only found cointegration for the one month contract.

- For the sub period, in general the contracts with shortest maturities were cointegrated
with the spot prices. The exceptions were WTI spot/Brent 1M, and, maybe even more
interestingly, that none of the WTI futures contracts had significant cointegration with
the Brent Blend spot price. Compared to the cointegration relationships found for the
total period, this implies that the dynamics in the market following the shale oil
revolution might actually have changed, or at least that the dynamics were different
during the turbulent sub period.

- The tests of weak exogeneity showed that in general, the futures prices led the spot
prices, as the hypothesis of the futures price leading the spot price was only rejected for
5 of the cointegrated pairs. The hypothesis of the spot price leading the futures price
was however rejected for all cointegrated pairs.

- Considering the total period, the market was found to be efficient for the 1M contracts
for Brent and WTI when considering the same blend, and for the four contracts with
longest maturities considering the WTI spot/Brent futures. For the sub period however,

the market efficiency results appeared to be a bit more random.
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- Theassumption of “normal backwardation” does not seem to be applicablefor the crude
oil markets and the periods here investigated, as many of the relationships were found
to bein contango.

The questions to be answered in this thesis were:
1. Was the crude oil futures market for Brent and WTI efficient during the price decline
that started in 20147
2. Hasthe crude oil futures market for Brent and WTI been efficient considering the total

period, when including the price decline of 2014/2015?

Considering the first question, the answer is that some of the cointegration pairs during the sub
period did meet the criteria of market efficiency as defined in this thesis. The results did
however appear to be a bit random.

Regarding the second question, the answer is that the market was found to be efficient for the
one month contracts for WTI and Brent Blend for the total period when considering the same
blend, as well as for the four contracts with longest maturities for WTI spot/Brent futures.
However, similar to thefindingsfor the sub period, the results show that the futures prices alone

explained only afew of the relationships.

It is evident from the above summary that there still exists questions that has to be further
explored. Perhaps could anon-linear method better reflect the dynamics of the crude oil market
dynamics, especialy for the turbulent sub period, or a model including for instance a time-
varying risk premium, since the findings suggest that the futures price has been an unbiased

estimator of the spot price on only afew occasions.

The headlines of Norwegian newspapers are constant reminders that something has changed
within the oil industry. People losing their jobs has become a part of the everyday reality. One
might get the impression that the oil erais over. And maybe the oil era, as we know it, has
passed. However, it isimportant to remember that the oil sector isstill of significant importance
for aconsiderate amount of countries and economies, and will continue to be so for many years
to come. The hillions being invested in the Johan Sverdrup- field surely do imply that. As
mentioned in the introduction, BP estimated in their Energy Outlook to 2035 that fossil fuels
will provide approximately 80% of the total energy supply in 2035 (BP, 2016). The estimate
does perhaps seem a bit high, but even if the actual number turns out to be lower, it signals that

the crude oil industry will continue to be of interest for many yearsto come, and consequently,



so will probably the questions regarding market efficiency in the crude oil futures market.

Maybe some of the remaining questions mentioned above will find their answers.
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Appendix A — Lag selection for the Johansen Cointegration test |

Table 9 Lag selection for the Johansen Cointegration test for the total period

Brent spot Brent spot Brent spot Brent spot Brent spot Brent spot
Criterion Brent 1M Brent 2M Brent 3M Brent 4M Brent 5M Brent 6M
AlIC 2* 5* 8* o* 10* 9*
HQ 2 2 6 8 8 9
SC 2 2 3 4 8 9
FPE 2 5 8 9 10 9
Lags chosen 2 5 8 9 10 9
WTI spot WTI spot WTI spot WTI spot WTI spot WTI spot
Criterion WTI IM WTI 2M WTI 3M WTI 4M WTI 5M WTI 6M
AlC 6* 3* 5* 7* * 10*
HQ 1 3 5 5 7 8
SC 1 3 4 5 6 7
FPE 6 3 5 7 7 10
Lags chosen 6 3 5 7 7 10
Brent spot Brent spot Brent spot Brent spot Brent spot Brent spot
Criterion WTI IM WTI 2M WTI 3M WTI 4M WTI 5M WTI 6M
AlIC 4* 5* 6* 7* 8* 9*
HQ 4 5 6 7 8 9
sC 4 5 4 5 6 8
FPE 4 5 6 7 8 9
Lags chosen 4 5 6 7 8 9
WTI spot WTI spot WTI spot WTI spot WTI spot WTI spot
Criterion Brent 1M Brent 2M Brent 3M Brent 4M Brent 5M Brent 6M
AlIC 3* 5* 5* 6* 9* 9*
HQ 3 4 5 6 6 6
SC 3 3 4 4 5 6
FPE 3 5 5 6 9 9
Lags chosen 3 5 5 6 9 9

Note: Table Al list the suggested amount of lags for an unrestricted VAR- model according to R Software using
the lag-select function “VARselect” in the “vars’- package. * denotes the lag selection criterion chosen, and the
number of lags chosen is also listed in the bottom of every table. The number listed is the number of lags for the
VAR-model, whichistheinput used in the “ca.jo”- command in the “ urca’ -package for the Johansen cointegration
model. The amount of lags applied in the VECM is one less than the lags appropriate for a VAR-model, but R
Software corrects this automatically. Abbreviations: AIC = Akaike Information Criterion, HQ = Hannan-Quinn

Criterion, SC = Schwarz Bayesian Information Criterion, FPE = Final Prediction Error Criterion.
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Appendix B — Lag selection for the Johansen Cointegration test Il

Table 10 Lag selection for the Johansen Cointegration test for the sub period

Brent spot Brent spot Brent spot Brent spot Brent spot Brent spot
Criterion Brent 1M Brent 2M Brent 3M Brent 4M Brent 5M Brent 6M
AlIC 13 13 13 13 13 13
HQ 13 13 13 13 13 13
SC 13 13 13 13 13 13
FPE 14 14 14 14 14 14
Lags chosen 2 2 3 2 2 2
WTI spot WTI spot WTI spot WTI spot WTI spot WTI spot
Criterion WTI IM WTI 2M WTI 3M WTI 4M WTI 5M WTI 6M
AlIC 13 13 13 13 13 13
HQ 13 13 13 13 13 13
SC 13 13 13 13 13 13
FPE 14 14 14 14 14 14
Lags chosen 2 2 3 2 2 2
Brent spot Brent spot Brent spot Brent spot Brent spot Brent spot
Criterion WTI IM WTI 2M WTI 3M WTI 4M WTI 5M WTI 6M
AlIC 13 13 13 13 13 13
HQ 13 13 13 13 13 13
SC 13 13 13 13 13 13
FPE 14 14 14 14 14 14
Lags chosen 2 3 4 2 2 2
WTI spot WTI spot WTI spot WTI spot WTI spot WTI spot
Criterion Brent 1M Brent 2M Brent 3M Brent 4M Brent 5M Brent 6M
AlIC 13 13 13 13 13 13
HQ 13 13 13 13 13 13
SC 13 13 13 13 13 13
FPE 14 14 14 14 14 14
Lags chosen 2 2 2 2 2 2

Note: Thetableslist the suggested amount of lags for an unrestricted VAR- model according to R Software using
the lag-select function “V ARselect” in the “vars’- package. The numbers listed in the bottom of the tables are the
number of lags for the VAR-models, which is the input used in the “ca.jo”- command in the “urca’-package for
the Johansen cointegration model. The amount of lags applied in the VECM is one less than the lags appropriate
for aVAR-model, but R Software corrects this automatically. For description of how lags were chosen for the sub
period, see section 0. Abbreviations: AIC = Akaike Information Criterion, HQ = Hannan-Quinn Criterion, SC =

Schwarz Bayesian Information Criterion, FPE = Final Prediction Error Criterion.
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Appendix C — Daily prices Brent Blend futures
Figure 6 Daily prices Brent Blend futures for the period October 2003 to March 2016
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2003 to March 2016. The data was retrieved using Datastream.
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Appendix D — Daily prices WTI futures

Figure 7 Daily prices Brent Blend futures for the period October 2003 to March 2016
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Note: The graphs show daily closing pricesin USD/bbl for WTI futures (NY MEX) for the period October 2003

to March 2016. The data was retrieved using Datastream.
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Appendix E: Portmanteau-, ARCH- and Jarque- Bera- test results |

Table 11 Test statistics for the tests of residuals for the total period

Brent spot Brent spot Brent spot Brent spot Brent spot Brent spot
Test statistic Brent 1M Brent 2M Brent 3M Brent 4M Brent 5M Brent 6M
Portmanteau 61.61 (0.2824) 45.79(0.3979) 25.59(0.7817) 23.16(0.7252) 23.69(0.4793) 32.65 (0.2499)
ARCH 115.43 (0.0000) 103.66 (0.0000) 73.85(0.0043) 55.01(0.1458) 66.95(0.0185) 63.09 (0.0387)
Jarque- Bera 19.20(0.0007) 7.11(0.1300) 15.01(0.0047) 23.31(0.0000) 35.26(0.0000) 25.78 (0.0000)
WTI spot WTI spot WTI spot WTI spot WTI spot WTI spot
Test statistic WTI 1M WTI 2M WTI 3M WTI 4M WTI 5M WTI 6M
Portmanteau 49.79 (0.1379) 59.27 (0.2275) 60.09 (0.0536) 47.36(0.0975) 48.91(0.0741) 31.84(0.1311)
ARCH 123.35(0.0000) 135.6 (0.0000) 135.88 (0.0000) 123.39 (0.0000) 99.36(0.0000) 84.77 (0.0003)
Jarque- Bera 235.02 (0.0000) 140.94 (0.0000) 141.72(0.0000) 132.35(0.0000) 133.19 (0.0000) 123.41 (0.0000)
Brent spot Brent spot Brent spot Brent spot Brent spot Brent spot
Test stetistic WTI 1M WTI 2M WTI 3M WTI 4M WTI 5M WTI 6M
Portmanteau 49.94 (0.3960) 53.09 (0.1636) 47.47 (0.1946) 39.13(0.3311) 38.12(0.2109) 33.09 (0.2324)
ARCH 86.21 (0.0002) 108.75 (0.0000) 110.32(0.0000) 121.32(0.0000) 141.04 (0.0000) 87.441 (0.0002)
Jarque- Bera 259.86 (0.0000) 123.04 (0.0000) 92.69 (0.0000) 79.53(0.0000) 87.13(0.0000) 79.59 (0.0000)
WTI spot WTI spot WTI spot WTI spot WTI spot WTI spot
Test statistic Brent 1M Brent 2M Brent 3M Brent 4M Brent 5M Brent 6M
Portmanteau 44.80 (0.7503) 34.623(0.8434) 35.05(0.8302) 31.09(0.8426) 19.89(0.8686) 19.80 (0.8718)
ARCH 105.33 (0.0000) 103.04 (0.0000) 89.71(0.0000) 88.73(0.0001) 105.45 (0.0000) 80.66 (0.0009)
Jarque- Bera 18.80(0.0009) 17.42(0.0016) 24.88(0.0000) 20.97 (0.0003) 4.99(0.2879)  2.93 (0.5694)

Note: The table lists the test statistics for the Portmanteau-, ARCH- and Jarque- Bera- test for the total period for
the different cointegration pairs. P-values are included in brackets behind the test statistics.



Appendix F: Portmanteau-, ARCH- and Jarque- Bera- test results Il

Table 12 Test statistics for the tests of residuals for the sub period

Brent spot Brent spot Brent spot Brent spot Brent spot Brent spot
Test statistic Brent 1M Brent 2M Brent 3M Brent 4M Brent 5M Brent 6M
Portmanteau 57.94 (0.4037) 66.02(0.1691) 55.34(0.3499) 50.94(0.6662) 56.43(0.4587) 53.75 (0.5605)
ARCH 86.44 (0.0002) 93.93(0.0000) 75.28(0.0031) 95.05(0.0000) 81.04(0.0008) 93.81 (0.0000)
Jarque- Bera 8.24(0.0833) 38.15(0.0000) 40.91(0.0000) 3.27(0.5134) 2.67(0.6141) 2.24(0.6920)
WTI spot WTI spot WTI spot WTI spot WTI spot WTI spot
Test statistic WTI 1M WTI 2M WTI 3M WTI 4M WTI 5M WTI 6M
Portmanteau 4593 (0.8292) 44.22(0.8726) 68.12(0.0661) 57.19(0.4307) 55.52(0.4931) 65.76 (0.1746)
ARCH 54.44 (0.1581) 43.61(0.5311) 62.76(0.0410) 89.30(0.0000) 69.14(0.0119) 63.82(0.0338)
Jarque- Bera 0.94(0.9188) 1.97(0.7412) 7.21(0.1254) 0.85(0.9309) 0.56(0.9679)  4.08 (0.3954)
Brent spot Brent spot Brent spot Brent spot Brent spot Brent spot
Test statistic WTI 1M WTI 2M WTI 3M WTI 4M WTI 5M WTI 6M
Portmanteau 4845 (0.7532) 44.15(0.7721) 39.98(0.7881) 55.30(0.5013) 54.14(0.5456) 64.52 (0.2034)
ARCH 81.65(0.0007) 51.04(0.2484) 51.39(0.2377) 90.55(0.0000) 83.25(0.0005) 100.47 (0.0000)
Jarque- Bera 1.07(0.8988) 2.64(0.6193) 1.56(0.8162) 2.86(0.5808) 3.55(0.4710)  8.12(0.0874)
WTI spot WTI spot WTI spot WTI spot WTI spot WTI spot
Test statistic Brent 1M Brent 2M Brent 3M Brent 4M Brent 5M Brent 6M
Portmanteau 62.87 (0.2462) 67.72(0.1356) 60.37 (0.3207) 46.80(0.8047) 52.85(0.5949) 53.60 (0.5664)
ARCH 52.62 (0.2030) 75.45(0.0030) 78.96 (0.0013) 68.34(0.0140) 62.37(0.0441) 69.14 (0.0119)
Jarque- Bera 17.86(0.0013) 3.16(0.5317) 2.63(0.6209) 0.27(0.9916) 2.77(0.5964)  1.25(0.8693)

Note: The table lists the test statistics for the Portmanteau-, ARCH- and Jarque- Bera- test for the sub period for
the different cointegration pairs. P-values are included in brackets behind the test statistics.
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