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Abstract

The structural changes brought about by shale oil revolution have inspired this paper of which the aim is to analyze the poten-
tial asymmetries related to the determinants of crude oil production in the USA. Thus, using a Markov-switching dynamic
regression model in which parameters change when oil production moves from one regime to the other, it is found that for
both oil production and oil relative importance, the regime that was dominant during the 1980s and the early 1990s when
oil production in the USA was substantially high is the same regime that has once again become dominant in the decade
corresponding to the shale oil revolution. Furthermore, the study reveals the existence of asymmetries in the relationship
between US crude oil production and both manufacturing production and the consumer price index. Asymmetries are also
found in the relationship between the relative importance US crude oil and manufacturing production. Finally, it is found that
the intercept and the variance parameter also vary from one regime to the other, thus justifying the use of regime-dependent

models.

Keywords Crude oil production - Energy markets - Regime switching

1 Introduction

Hydrocarbons are the primary energy source upon which
contemporary civilizations are built. They affect almost
every aspect of our daily lives from our homes to our
schools, hospitals, transportation means, and industries
(Trantin 2017). The importance of hydrocarbons is par-
ticularly relevant in the case of the USA, the world largest
economy and leading oil consumer. Every year, companies
dealing in oil generate millions of high-paying jobs and
spend substantial amounts in tax revenues at local, state,
and federal levels (NPC 2011).

Historically, US crude oil production decreased steady in
the last three decades before the Great Recession, with the

Edited by Xiu-Qiu Peng

P4 Achille Dargaud Fofack
achille.fofack @rdu.edu.tr; adfofack.irflaem @ gmail.com

Department of Economics, University of Buea, Buea,
Cameroon

Department of Business and Economics, Rauf Denktag
University, Lefkosa, Turkey

Published online: 29 January 2021

production index for crude oil moving from 148.95 in August
1972 to 76.64 in September 2007 as depicted in Fig. 1. The
steady fall in oil production associated with a rising domes-
tic demand led the USA to become a net oil importer. The
vulnerability inherent to such a position became obvious in
1973 when the Organization of Arab Petroleum Exporting
Countries imposed an oil embargo and threatened US energy
security. The country responded with the Energy Policy and
Conservation Act of 1975 which banned oil export (Brown
et al. 2014) and ultimately reshaped its foreign policy to
support its energy security.

The decades preceding the Great Recession also saw
a surge in oil prices as the spot price for the West Texas
Intermediate (WTI)—a US benchmark—rose from $3.56
per barrel in August 1972 to $79.93 per barrel in September
2007. Associated with technological progress in horizon-
tal drilling and hydraulic fracturing, this surge in oil prices
made it economically viable to extract the oil trapped in rock
formations of low permeability and led to what is known
today as the shale oil revolution (Trantin 2017; Alvarez and
Di Nino 2017).

The shale oil revolution brought about structural changes
in US crude oil production and overall energy security.
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Fig.1 US crude oil production. Source: Federal Reserve Economic
Data (FRED)
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Fig.2 Relative contribution of crude oil production to US industrial
production index. Source: FRED

The production of shale oil increased almost tenfold from
250,000 barrels per day in 2000 to 2.25 million barrels per
day in 2012 (Brown et al. 2014), driving an upward trend in
US oil production (EIA 2019a). Thus, the production index
for crude oil is more than doubled between September 2007
and February 2019, moving from 76.64 to 185.36. Further-
more, as depicted in Fig. 2, the contribution of crude oil
production to the industrial production index has recently
risen to unprecedented levels, hitting the 10% mark in June
2014. The previous peak was reached in November 1982
when crude oil accounted for 7.50% of the industrial pro-
duction index.

Driven by the shale oil revolution, US oil production has
risen to historically high levels and the country has become
the world leading oil producer. Thus, the three main shale oil
wells—Bone Spring, Spraberry and Wolfcamp—Ilocated in
the Permian Basin accounted for 41% of US oil production
in 2018 and drove total US oil production to about 10.96
million barrels per day (EIA 2019a, c). Furthermore, the US
Energy Information Agency (EIA) has been revising upward
the projections related to shale oil production and overall
US oil reserves (Alvarez and Di Nino 2017; EIA 2019f).
At the end of 2017, the proved reserves of crude oil in the
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USA increased 19.5% to 39.2 billion barrels, surpassing the
former record of 39 billion barrels set in 1972 (EIA 2018).

The mismatch between the physical and chemical prop-
erties—high API gravity (light) and low sulfur (sweet)—
of the abundant oil brought about by the shale revolution
and the heavy oil traditionally processed by US refineries,
led US authorities to lift the ban on crude oil exports on
December 18, 2015 (Brown et al. 2014; Humphries 2016).
Thus, the US exported 1.2 million and 2.0 million barrels
per day in 2017 and 2018, respectively. In 2018, the primary
destinations of these exports were Canada (378,000 barrels
per day), South Korea (236,000 barrels per day), and China
(228,000 barrels per day) (EIA 2019d). The American Petro-
leum Institute (2016) estimates that US exports of crude oil
could generate up to 300,000 jobs and lead to an increase
of $38.1 billion in US gross domestic product in 2020. As
for US refineries, they are progressively backing out of oil
imports and increasing their consumption of shale oil. Thus,
the gross input of those refineries hit five consecutive annual
record high between 2014 and 2018. In 2018, the average
gross input reached 17.3 million barrels per day (AFPM
2015; EIA 2019b).

The structural changes brought about by the shale oil
revolution also affect financial markets. On the one hand,
the return on equity made by US crude oil producers hit a
record high $28 billion in 2018. To put this into perspective,
one should note that the previous record goes back to 2013
when oil prices were 40% higher (EIA 2019¢). On the other
hand, as reveal by the US Commodity Futures Trading Com-
mission (2018), the shale boom has led to a significant fall
in NYMEX WTI contracts for delivery five or more years.
Indeed, the short lifespan of tight oil wells has reduced the
need to hedge production beyond 3 years. Thus, open inter-
est for NYMEX WTI contracts for delivery five or more
years dropped from 46,158 contracts (46.2 million barrels)
in 2008 to 481 contracts (481,000 barrels) in March 2018.

In the wake of all the structural changes brought about
by the shale oil revolution, one could logically ask whether
the relationship between US crude oil production and its
determinants has not been altered. Thus, using a Markov-
switching dynamic regression model in which parameters
change when oil production moves from one regime to the
other, this paper aims at analyzing the potential asymmetries
related to the determinants of crude oil production in the
USA over the period from January 1982 to February 2019.
To the best of our knowledge, this is the first study analyzing
the shale oil boom with regime-dependent models. Robust-
ness check is done with different proxies of oil production,
namely the crude oil production index and the relative con-
tribution of crude oil production to the industrial production
index. The remainder of the paper is organized as follows:
Sect. 2 presents the methodology; the main findings and the
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Table 1 Description of the variables

Name Definition

Oil Crude oil production index; base year=2012; seasonally adjusted

Importance Relative contribution (in percentage) of crude oil production to US industrial production index;
seasonally adjusted

Manufacturing Manufacturing production index; base year=2012; seasonally adjusted

CPI Consumer price index for all urban consumers: all items; base year = 1982—-1984; seasonally adjusted

WTI Global price of WTI crude oil in dollars per barrel

Spread 10-year treasury rate minus 3-month treasury rate

Recession Dummy variable equal to 1 during recessions and 0 elsewhere

related discussion are contained in Sects. 3 and 4 concludes
the paper.

2 Methodology
2.1 Data

The monthly data obtained from the FRED cover the period
from January 1982 to February 2019. The dependent vari-
able—US crude oil production—is proxied by crude oil pro-
duction index, and as reported in Table 1, five independent
variables are included in the analysis. The manufacturing
production index and the consumer price index (CPI), respec-
tively, account for domestic activity and price level. On the
one hand, it is assumed that an increase in the manufacturing
production index induces an increase in the demand for crude
oil and ultimately leads to an increase in domestic oil produc-
tion. On the other hand, an increase in the CPI is expected to
induce a fall in the real value of the dollar, depress the buy-
ing power of Americans as well as their demand for oil, and
finally lead to a fall in domestic oil production.

The term spread—difference between the 10-year and the
3-month treasury rates—accounts for the financial health of
the US economy as a narrow spread reflects the optimism of
economic agents about the ability of the federal government
to meet its financial commitments in the future. As for the
global price of WTI crude, it accounts for the global demand
for US oil and it is assumed that an increase in this indica-
tor reflects an increase in the global demand for US oil and
ultimately leads to an increase in US oil production. Finally,
a dummy variable is included in the analysis to account for
US recessions as it is assumed that economic turmoil alters

Robustness check is done using the relative contribution
of crude oil production to US industrial production index as
dependent variable. The aim here is to examine whether the
potential asymmetric patterns affecting crude oil produc-
tion are also affecting the relative weight of crude oil in the
American economy.

2.2 Markov-switching model

Switching regressions are models allowing the estimated
parameters to change depending on the realization of one
among many unobservable states. This approach developed
by Golfeld and Quandt (1973) is now commonly used for
the estimation of asymmetries in economic patterns (Simo-
Kengne et al. 2013). In this paper, it is assumed that through-
out period from January 1982 to February 2019, US crude
oil production switches between two unobservable states:
bull market corresponding to high oil production and bear
market corresponding to low oil production. Moreover, it is
also assumed that the transition from one state to the other
follows a Markov processl, but the time of transition as well
as the duration in each state is random. Finally, the dynamic
nature of the model comes from the assumption that adjust-
ments are made quickly after a change of state.

The following model is used in the analysis:

Oil,=c,+X,a+Zpf+ €, D

where t accounts for time (month) and s represents the
unobserved states (s=1, 2). C; is a state-dependent intercept,
X, is a matrix of state-invariant variables, Z, is a matrix of
state-dependent variables, and €,~ iidN (0, 6?) is the error
term. The model also can be written as follows:

¢, + aRecession, + f;;Manu, + f,,CPI, + p;,Spread, + g, WTL+ €,, if s=1 )
¢, + aRecession, + f,Manu, + B,,CPI, + Bs,Spread, + B, WTI,+ €,, if s=2

0il, =

the behavior pattern of economic agents and induces a fall
in both the demand for oil and the production of crude oil.

! A Markov process can be defined as a random process in which
each future event depends only on the current event and not on any
other past event.
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Table 2 Correlation matrix

CPI Oil Importance Manufacturing Spread WTI
CPI 1
Oil —1.121%%* 1
Importance 0.389%*%* 0.429%* 1
Manufacturing 0.937%* —0.324%* 0.199%%* 1
Spread —0.045 0.030 0.162%* —0.188** 1
WTI 0.732%%* —0.148%* 0.736%* 0.649%* 0.094%*%* 1

**Denotes significance at the 5 percent level

The conditional transition probability to switch from
regime i in the current month to regime j in the next month
is given by the following equation:

Pr (s, = jls, = i) = P (3)

Thus, the two-state model used in this paper will lead to
the following probability matrix:

[Pll PlZ]
P2] P22

with P\y + P, =1l and Py, + Py, =1 4)

3 Results

The correlation coefficients between the variables used are
reported in Table 2. On the one hand, those correlation coef-
ficients reveal that crude oil production is negatively and sig-
nificantly associated with inflation (CPI), the price of WTI
crude, and manufacturing production. On the other hand, the
table reveals that the relative importance of oil production
is positively and significantly associated with crude oil pro-
duction, inflation, the term spread, the price of WTI crude,
and manufacturing production. Paying less attention to the
overall dynamics of oil production in the USA and more
attention to its regime-dependent dynamics, the stationar-
ity of the series was tested before carrying out the regime
switching analysis.

Globally, the augmented Dickey—Fuller, the Phil-
lips—Perron, and the Ng—Perron unit root tests reported
in Table 3 reveal that the series are not stationary at level.
Those unit root tests also reveal that the variables are
stationary at first difference; consequently, the switching
regression analysis is done with variables at first differ-
ence. The expected maximization estimation of the model
is done with 2 states and the initial unconditional probabil-
ities set to transition. An intercept is added to the model,
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and it is allowed to vary across states together with the
variance parameter.

As depicted in Fig. 3, the transition probability of state
2 reveals that this regime was dominant during the 1980s
and the early 1990s when US crude oil production was sub-
stantially high (bull regime). The figure also reveals that
this regime has once again become dominant in the decade
corresponding to the shale oil revolution. This is in line with
the assumed structural changes brought about by shale oil
(Grubert 2018; Ulrich-Schad et al. 2020).

The results of the regime-switching regression reported
in Table 4 reveal that economic recession is positively and
significantly correlated with US crude oil production. Such
a finding seems counterintuitive, but a close look at US
data could justify it. Indeed, the US economy experienced 4
recessions during the period under review—January 1982 to
February 2019—and crude oil production increased during
all those recessions.

The crude oil production index moved from 131.49 in the
beginning of the first recession (July 1981) to 133.61 when
the economy came out of it in November 1982. Similarly,
the index also moved from 111.92 in July 1990 to 114.82 in
March 1991; from 89.30 in March 2001 to 90.14 in Novem-
ber 2001, and from 78.09 in December to 81.17 in 2009.
Ultimately, it could be argued that recessions lead American
agents to reduce oil imports and rely more upon domestic oil
production. In the same vein, Solarin (2020) finds that shale
oil production did increase during the Great Recession and
helped support economic recovery in the USA.

State 1 parameter estimates show that none of the selected
determinants has a significant impact on US crude oil pro-
duction. It is found that manufacturing production and
the term spread, respectively, have a positive and a nega-
tive impact on oil production as expected. As for the price
of WTI crude, it is found to have a negative impact on oil
production. It could be argued that a surge in the price of
WTI crude leads to an insignificant depletion of the demand
for oil and a corresponding insignificant fall in production.
Finally, it is found that the CPI is positively associated with
oil production.
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Table 3 Unit root tests

Variables ADF PP Ng-Perron
I TI I TI I TI
Level
CPI —0.246 —-2.672 —0.187 —2.455 1.552 —13.011
Oil 2.152 3.541 1.271 2.871 —1.365 —0.351
Importance —1.945 —2.623 —1.560 -2.249 -2.523 -3.420
Manufacturing —1.627 -1.920 —1.382 —1.567 0.805 —-7.579
Spread —3.340 —3.380 —3.092%* —3.109 —22.304%* —22.164%*
WTI -2.271 -3.327 —1.505 —2.609 —9.838%* —15.274%*
First difference
CPI —13.790%* —13.775%* —12.579%* —12.561%* —267.865%* —271.136%*
Oil —4.557%* —24.463%* —23.817%* —24.187** —2.609 —3.537
Importance —6.260%* —6.375%* —14.831%* —14.922%* —56.175%* —62.847%*
Manufacturing —5.783%* —5.868%* —19.885%* —19.882%* —6.533 —18.883%*
Spread —14.710%* —14.712%* —15.842%* —15.850%** -0.012 —1.336
WTI —14.052%* —14.037%* —13.696%* —13.679%* —185.039%* —187.581%**
**Denotes significance at the 5 percent level; I stands for intercept and IT stands for trend and intercept
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Fig.3 Transition probability of state 2 in the case of crude oil production

State 2 parameter estimates show that manufacturing
production and the CPI have a significant impact on crude
oil production. As expected, manufacturing production has
positive and significant on crude oil production, while the
CPI has a negative impact. Furthermore, the price of WTI
crude and the term spread are found to have a positive but
insignificant impact on oil production. The insignificant
effect of WTTI oil prices is in line with Monge et al. (2017)
who analyzed the relation between US shale oil production
and WTTI oil price behavior. They reveal that the correlation
between those variables is not stable over time as they find
it to be positive during the 2003-2009 period and a nega-
tive during the 2009-2014 period. As for the unexpected
positive impact of the term spread, it could be due to the

1985 1990 1995 2000 2005 2010 2015

distortions created by quantitative easing (QE) as the QE
programs implemented by the US Federal Reserve aim at
artificially compress the term spread and could have altered
the effect it has on the real economy.

Paying attention to the properties of the two regimes,
Table 5 shows that the transition probability from one
regime to the other is quite low. The probability to switch
from regime 1 to regime 2 is 0.061 while the probability to
switch from regime 2 to regime 1 is 0.144. As for the dura-
tion of each regime, the table shows that on average, regime
1 lasts longer (16 months) than regime 2 (7 months). Finally,
testing the equality of coefficients across regimes, Table 6
shows that manufacturing production, the CPI, the intercept,
and the variance parameter are significantly different across
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Table 4 Estimation results for crude oil production

Table 5 Regime properties for crude oil production

Coefficient Standard error Coefficient Standard error
State— invariant parameter Transition probabilities
Recession 0.765%** 0.254 Py, 0.938 0.025
State 1 parameter estimates Py, 0.061 0.025
WTI -0.024 0.027 P, 0.144 0.063
Manufacturing 0.209 0.135 Py, 0.855 0.063
Spread -0.316 0.217 Duration
CPI 0.334 0.206 State 1 16.195 6.764
Intercept —0.284%** 0.106 State 2 6.924 3.039
Sigma 1.016 0.082
State 2 parameter estimates
WTI 0.023 0.063 Table 6 Test on the equality of coefficients across regimes
Manufacturing 2.318%** 0.489 - -
Spread 2675 1671 Variable Chi square
CPI —2.020%** 0.560 WTI 0.42
Intercept 1.125%** 0.369 Manufacturing 16.90%*
Sigma 2.835 0.207 Spread 3.01
Observations 446 CPI 14.71%*
AIC 3.802 Intercept 13.33%*
HQIC 3.856 Sigma 105.73**
SBIC 3:940 **Denotes significance at the 5% level
Log likelihood —831.037

**Denotes significance at the 5% level; *** denotes significance at
the 1% level

regimes. It can therefore be concluded that there are asym-
metries in the relationship between US crude oil production
and those two determinants. Further, these asymmetries sup-
port the use of regime-dependent models in this paper.

For robustness check, the regime-switching model is
now estimated with the relative contribution of crude oil
production to US industrial production index as dependent
variable and the transition probability of state 1 is depicted
in Fig. 4. The figure shows that this regime was dominant
during the 1980s and the early 1990s when US crude oil
importance was substantially high (bull regime) and that
it has once again become dominant in the decade corre-
sponding to the shale oil revolution. This supports what
was found in the case of oil production; that is, bull regime
is dominant when US crude oil production/importance is
high and bear regime is dominant when it is low.

The estimation results reported in Table 7 show that
recession is negatively and insignificantly associated with
crude oil importance. The sign of this relationship is in line
with expectations as recession induces a fall in economic
activity and demand for energy. Paying attention to state
1 parameter estimates, the results show that manufactur-
ing production and the price of WTI crude oil both have a
positive and significant impact on the importance of crude
oil. This is also in line with economic theory as a boom in
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either determinant creates more revenue for the petroleum
sector. As for the CPI and the term spread, their impact on
the importance of crude oil is found to be insignificant.

Looking at state 2 parameter estimates, the results show
that the impact of manufacturing production and the price of
WTI crude oil are still significant even though manufacturing
production is now negatively correlated with the importance
of crude oil. Regime 2 being the state in which the impor-
tance of US crude oil is low (bear regime), it could be argued
that in such a regime, an increase in manufacturing produc-
tion induces a surge in the demand for oil that cannot be met
by domestic supply. Thus, manufacturers resort to oil imports
and ultimately deplete the importance of domestic oil.

Table 8 reporting the properties of the two regimes shows
that the probability to switch from one regime to the other
is yet again low. The probability to switch from regime 1
to regime 2 is 0.038 while the probability to switch from
regime 2 to regime 1 is 0.022. As for the duration of each
regime, the table shows that on average, regime 2 lasts
longer (26 months) than regime 1 (45 months). Finally, test-
ing the equality of coefficients across regimes, Table 9 shows
that manufacturing production and the variance parameter
are significantly different across regimes. Thus, it can be
concluded that there are asymmetries in the relationship
between the importance of US crude oil and manufactur-
ing production across bull and bear regimes. Further, these
asymmetries support the use of regime-dependent models
in this paper.
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Fig.4 Transition probability of state 1 in the case of crude oil importance

Table 7 Estimation results for crude oil importance

Coefficient Standard error
State— invariant parameter
Recession -0.016 0.012
State 1 parameter estimates
WTI 0.009%%* 0.003
Manufacturing 0.0817%** 0.024
Spread 0.001 0.084
CPI —0.045 0.034
Intercept 0.014 0.021
Sigma 0.227 0.013
State 2 parameter estimates
WTI 0.003%*%* 0.001
Manufacturing —0.014%* 0.007
Spread 0.002 0.010
CPI 0.018 0.011
Intercept —0.005 0.005
Sigma 0.049 0.002
Observations 446
AIC —1.825
HQIC -1.770
SBIC —1.687
Log likelihood 421.097

**Denotes significance at the 5% level; *** denotes significance at
the 1% level

4 Conclusion

In line with the structural changes brought about by shale oil
(Grubert 2018; Solarin 2020; Ulrich-Schad et al. 2020), the
results for both crude oil production and crude oil relative
importance show that the (bull) regime that was dominant

Table 8 Regime properties for crude oil importance

Coefficient Standard error
Transition probabilities
Py, 0.961 0.016
P, 0.038 0.016
P, 0.022 0.009
P,, 0.977 0.009
Duration
State 1 26.199 11.456
State 2 44.946 18.890

during the 1980s and the early 1990s when US crude oil
production was substantially high is the same regime that
has once again become dominant in the decade correspond-
ing to the shale oil revolution. Paying attention to the state
corresponding to the shale revolution, it is found on the one
hand that manufacturing production and the CPI are signifi-
cant determinants of US crude oil production. On the other
hand, it is found that manufacturing production and the price
of WTI crude are significant determinants of oil importance.

The results also reveal that in the case of crude oil pro-
duction, the CPI and the variance parameter are significantly
different across regimes. Thus, it can be concluded that there
are asymmetries in the relationship between US crude oil
production and those determinants. Furthermore, in the case
of crude oil importance, it is found that manufacturing pro-
duction and the variance parameter are significantly different
across regimes. It can therefore be concluded that there are
asymmetries in the relationship between the importance of
US crude oil and manufacturing production. All the above-
mentioned asymmetries support the use of regime-depend-
ent models and add to the innovation of this paper.
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Table 9 Test on the equality of coefficients across regimes

Variable Chi square
WTI 1.68
Manufacturing 14.54%%
Spread 0.01

CPI 3.06
Intercept 0.75
Sigma 445.13**

**Denotes significance at the 5% level
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