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ABSTRACT

As of late 2008, the steady decline of U.S. crude oil production over the last de-
cades was reversed by the increased adoption of the hydraulic fracturing (“frack-
ing”) technology. Adapting the supply-side model proposed by Kaufmann et al.
(2004) to assess OPEC’s ability to influence real oil prices, this paper investigates
the effect of the increase in U.S. oil production due to fracking on world oil prices.
Among our key results obtained from (dynamic) OLS estimations, there is a statis-
tically significant negative long-run relationship between increased U.S. oil pro-
duction and oil prices.
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1. INTRODUCTION

Since the outset of the new millennium, the global oil market has experienced significant
changes: Due to the surge of petroleum consumption from emerging countries, world crude oil de-
mand has substantially increased, not least driven by China (Smith, 2009). In fact, global oil demand
increased by more than 25% between 2000 and 2017, from about 76.9 to 98.2 million barrels per
day (mbd), with China accounting for more than 8 mbd of this increase (BP, 2018). On the supply
side, while about one third of crude oil production still originates from the member countries of the
Organization of the Petroleum Exporting Countries (OPEC), the production of Non-OPEC countries
strongly increased in the last decade, most notably as a consequence of hydraulic fracturing. In con-
junction with horizontal drilling and micro-seismic imaging, the use of hydraulic fracturing, which
was originally developed for the exploration of natural gas, allows for tapping into oil reservoirs
that are trapped in shale siltstone and clay stone formations (Maugeri, 2012). Oil extracted on the
basis of these techniques is commonly referred to as tight or shale oil to differentiate it from crude
oil obtained by conventional drilling methods.

To date, the commercial use of this set of technologies, usually subsumed by the notion
of fracking, has been limited to the U.S. (Kilian, 2017b), where the steady decline of crude oil pro-
duction as of the 1970s was reversed by adopting this technology. Owing to fracking, U.S. crude
oil production almost doubled over the past 15 years (see Figure 1). Thus, the advance of fracking
was often called a game changer for the global oil market. Its importance may even further increase
given that numerous other Non-OPEC countries contemplate intensifying the usage of this tech-
nology. Notably, in addition to Australia, India, and several European countries, such as the UK,
Russia, one of the world’s largest oil producers, has commenced investigating the potentials of
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Figure 1: Shale Oil and Total Crude Oil Production in the U.S. (left-hand scale) and Share of
Shale Oil in Total U.S. Crude Oil Production (right-hand scale).
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fracking (EIA, 2013). As a result, it is frequently announced in the press that OPEC’s market power
has drastically diminished.

Using monthly data on the U.S. oil market spanning from January 2000 to December
2016 and taking the demand side as given, this paper modifies the supply-side model developed
by Kaufmann et al. (2004) to explore the effect of fracking on world oil prices. To gauge the short-
run effects, we employ a two-step Error Correction Model (ECM), while the long-run relationship
between the crude oil price and fracking, as well as various OPEC supply factors, is estimated via
standard and dynamic OLS methods. The key finding of our correlation analysis is a statistically
significant negative long-run relationship between increased U.S. oil production due to fracking and
world oil prices. A similarly negative influence is found for OPEC supply volumes that exceed the
stipulated OPEC quota, indicating that OPEC still matters.

Although there is a vast oil market literature, fracking only recently has become a topic of
interest, and the economic impact of the emerging fracking oil supply is not widely analyzed yet.
Three notable exceptions are the review article by Kilian (2017a), the empirical study of Kilian
(2017b), and the oil price forecasts of Baumeister and Killian (2016) on the basis of a vector au-
toregressive (VAR) model. Kilian (2017a) provides an overview of the impact of fracking on U.S.
oil and gasoline prices, arguing that the negative effect of increased U.S. shale oil production on the
crude oil price is likely to have been near $10 per barrel.

Using a novel econometric technique, this estimate is confirmed by Kilian (2017b), who
also estimates the cumulative losses of Saudi Arabian oil producers due to fracking at over 100
Billion US Dollars. Highlighting the role of economic activity for oil prices, Baumeister and Killian
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(2016) provide quantitative evidence that a slowing global economy, rather than supply shocks, was
the dominant reason for the $49 cumulative decline in the Brent price per barrel between June and
December 2014. These authors find that “$24 of the cumulative decline is unambiguously explained
by a weakening of the global economy, which resulted in lower demand for crude oil” (Kilian,
2017a:198). Our study complements this strand of the literature by quantifying the impact of the
advance of shale oil on the oil price using standard and dynamic OLS methods and (Vector) Error
Correction Models, the results of which are employed to simulate the development of global oil
prices in absence of the shale oil boom.

In contrast, former studies predominantly focussed on OPEC behavior. For instance, the
articles by Kaufmann (1995), Kaufmann et al. (2004), and Dees et al. (2007) all investigate OPEC’s
influence on oil prices over the medium- and long-run. These authors find the two most important
decision variables to be the OPEC production quota, as well as the rate at which OPEC adds pro-
duction capacity, which would signal tightness in the market. Dees et al. (2007) additionally point
out that a breakdown in the cooperation of the OPEC cartel results in a sharp drop in the crude oil
price, as competition among OPEC countries leads to supply quantities that surpass demand and go
into stocks.

The following section provides a concise summary of the rise in U.S. oil production owing
to fracking and OPEC’s behavioral reaction to the increased use of this technology. Section 3 ex-
plains the methods applied, followed by the presentation of our estimation results in Section 4. The
last section summarizes and concludes.

2. U.S. CRUDE OIL PRODUCTION AND OPEC BEHAVIOR

Currently, the only country that permits fracking on a large scale is the U.S. , whereas many
other countries are highly reluctant to employing this technology because of its potentially nega-
tive implications for the environment, notably potential hazards due to water pollution and seismic
tremors—see the review article by Jackson et al. (2014) for a discussion of these environmental
and health issues. France and Germany, for instance, have implemented a ban because of perceived
health risks due to fracking. In contrast, other countries, such as the UK and Australia, have recently
modified political regulations to allow for fracking (EIA, 2013).

With the beginning of the surge in shale oil production in late 2008 (Kilian, 2017b), U.S.
crude oil production steadily increased until the end of 2014, with the share of shale oil in total U.S.
production rising from about 6% in January 2000 to almost 50% by the end of 2014 (see Figure 1).
In fact, November 2008 marks the reversal in the long-standing decline in U.S. oil production, a
reversal that is largely due to the U.S. fracking boom (Kilian, 2017b).

This boom exerted substantial pressure on the price of the light crude oil West Texas Inter-
mediate (WTI), whose price is the key indicator for U.S. crude oil, with the result that the prices of
WTI and Brent, the benchmark for European crude oil, drifted apart between 2010 and 2015 (Figure
2). Prior to 2010, both price indicators had more or less the same level, whereas afterwards WTI
was significantly cheaper than Brent oil until the end of 2015, with differences in prices sometimes
amounting to $10 per barrel or even more.

Recent studies suggest that this difference was the result of the increased shale oil supply,
paired with a bottleneck in refinery and oil transport infrastructure (Borenstein and Kellogg, 2014;
Kilian, 2016). This price differential between WTI and Brent initially reflected the excess supply
of light crude oil in Cushing, Oklahoma, where the WTI price is measured. Owing to the lack of
pipelines to the refineries, this oil was stored in a location where it could not compete with imports
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Figure 2: Crude Oil Prices on West Texas Intermediate (WTI) and Brent Oil
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(Kilian, 2016:193). At the end of 2015, the price differential virtually vanished due to the expansion
of transport infrastructure. It allowed light crude oil that used to be landlocked in the center of the
U.S. to reach existing refineries.

While world oil prices shrank by $49 between June and December 2014, under the lead of
Saudi-Arabia, OPEC changed its strategy from defending oil prices to defending market shares and
refrained from its former behavior of curbing oil production to attempt to stabilize world oil prices.
Prior to this change, the OPEC members usually agreed upon individual production allocations
for each country and, hence, an upper limit for the total OPEC production level, the OPEC quota,
thereby assuming that OPEC can maximize its profits when the production quota is optimally set
(Griffin, 1985).

Employing the quota as a key instrument, it is the declared aim of the OPEC cartel “to
coordinate and unify the petroleum policies of its Member Countries and ensure the stabilization
of oil markets in order to secure an efficient, economic and regular supply of petroleum to consum-
ers, a steady income to producers and a fair return on capital for those investing in the petroleum
industry” (OPEC, 2018). There is evidence, though, that OPEC is not operating as a perfect cartel:
By comparing various potential market structures that could explain OPEC behavior, Smith (2005)
points out that the OPEC members operate much more like a non-cooperative oligopoly than a fric-
tionless cartel. Moreover, while according to Kaufmann et al. (2008) OPEC uses its market power
by appointing quotas, thereby influencing both oil production and prices, these authors also find that
OPEC behavior has some competitive elements, as for example higher oil prices lead to increasing
production of individual OPEC countries.
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The OPEC quota was regularly varied and posted on the organization’s homepage until
November 2007, but was updated only irregularly thereafter. For instance, with an OPEC crude oil
production of 24.85 million barrels per day (mbd), the official quota of January 2009 remained in
place until November 2011, when OPEC announced an increase in the quota to 30 mbd. Frequently,
however, the actual OPEC production level substantially exceeded the announced quota, a behavior
that is captured here by the variable OPEC cheat (for its definition, see Table 1). In December 2016,
for example, the OPEC production exceeded the quota by about 3 mbd.

At its November meeting in 2016, OPEC (2016) changed its strategy again and, in a broad
alliance with Non-OPEC oil producing countries, most notably Russia, decided to cut global pro-
duction by 1.8 mbd to push world oil prices, thereby announcing the new quota of 32.5 mbd.

Table 1: Summary Statistics for the Variables employed in the Empirical Analysis

Variable Description Mean Std. Dev. Min. Max.
WTI Monthly average of WTI Spot Price ($/b) 68.6 27.1 25.7 144.5
Brent Monthly average of Brent Spot Price ($/b) 70.7 31.2 24.8 142.8
US stocks Monthly ending stocks of crude oil in the US (mb) 1,001.0 90.1 824.1 1,204.1
Economic activity  Index of global real economic activity in industrial 7.1 33.6 -133.2 66.6
commodity markets

Shale oil share Share of shale oil in U.S. production 19.1% 16.0% 5.7% 49.1%
US production Total U.S. crude oil production (mbd) 6.3 1.4 4.0 9.6
US conv. crude U.S. conventional crude oil production (mbd) 4.9 0.4 34 5.6
US shale oil U.S. shale oil production (mbd) 1.4 1.5 0.3 4.7
OPEC caputil Total capacity utilization by OPEC 92.6% 3.9% 79.0% 97.7%
OPEC quota OPEC quota (mbd) 26.8 2.8 21.1 30.0
OPEC cheat Excess OPEC supply above the quota (mbd) 0.6 2.1 -3.5 4.7

Note: Number of observations for all variables: 204. Data sources: EIA (2018), OPEC (2007), OPEC press releases, and
Kilian (2009).

Presumably due to the recovery of global oil prices in the aftermath of the OPEC decision
at the end of 2016, but probably also encouraged by OPEC’s announcements with respect to pro-
duction cuts, U.S. oil production from fracking has been revitalized, which will likely put downward
pressure on oil prices. Using standard and dynamic OLS methods and (Vector) Error Correction
Models, in what follows, we investigate whether fracking indeed negatively affects oil prices. For
this analysis, we primarily draw on monthly data from the US Energy Information Administration
(EIA, 2018), which reports price information, US supply factors, as well as OPEC capacity and
production. Information on the OPEC quota can be gathered from the 2007 OPEC Annual Statistical
Bulletin (OPEC, 2007) and from several OPEC press releases for the years after 2007. Summary
statistics for the whole period from January 2000 until December 2016, covering 204 months, are
reported in Table 1, annual averages are displayed in Table A3 in the appendix. For replication pur-
poses, the database is available from the authors upon request.

3. METHODOLOGY

Our analysis focuses on WTI and the U.S. oil market, as the U.S. is both the world’s largest
consumer of crude oil and the largest producer of shale oil. Given the close coincidence of WTI and
Brent prices in most years (Figure 2), the empirical results are very similar when Brent, rather than
WTI prices are employed for estimating the model specifications presented below (see Tables A4 to
A7 in the Appendix).
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To explore the long-term impacts of fracking on inflation-adjusted monthly average W71
spot prices, we estimate a modified specification of the pricing rule developed by Kaufmann et al.
(2004):

WTI, = o, + o, Fracking, + a,US stocks, + a;OPEC caputil, + ]

a,OPEC cheat, + a,Economic activity, + ot +aM, + u,, M
where y denotes an idiosyncratic error term and Fracking stands for two alternative variables, either
total U.S. crude oil production or the share of shale oil in total U.S. production, the latter being the
basis for a simulation exercise presented in the results section. In additional contrast to Kaufmann et
al. (2004), we have added a time trend # to capture the secular trend of increasing world oil demand
and, hence, potential resource scarcities, as well as a variable to reflect potential impacts of U.S.
crude oil stocks (for average volumes, see Table 1 and Table A3), and a vector M of 11 month dum-
mies to account for the seasonality of the data, with the December dummy being omitted.

In line with Kaufmann et al. (2004), we have also included variables that reflect the influ-
ence of OPEC: a measure capturing OPEC’s total capacity utilization (OPEC caputil), calculated by
dividing total OPEC production by total OPEC capacity, and a variable representing the excess sup-
ply by OPEC above the quota, called OPEC cheat. In contrast to Kaufmann et al. (2004), we have
refrained from including the OPEC quota in equation (1), as this quota was not regularly updated in
recent years and, thus, its variation is quite low (see Table 1 for the low standard deviation relative to
that of the variable OPEC cheat). Moreover, the quota is highly correlated with the variable OPEC
cheat, rendering the inclusion of the OPEC quota redundant. Finally, in contrast to Kaufmann et al.
(2004), we have included an index of global real economic activity in industrial commodity mar-
kets (Economic activity). This index was developed by Kilian (2009) to capture economic up- and
downturns, which are likely to affect global oil prices.! Further differences to the specification of
Kaufmann et al. (2004) are the usage of monthly, rather than quarterly data and the inclusion of U.S.
crude oil stocks instead of days of forward consumption, for which monthly data is lacking.

In an alternative specification, instead of either including total U.S. crude oil production or
the share of shale oil in total U.S. production, we distinguish between the U.S. conventional crude
and shale oil production, as given by the variables US conv. crude and US shale oil, respectively, to
capture the take-off of the US shale oil production:

WTI, = B, + BUS conv. crude, + B,US shale oil, + B,US stocks,
+B,0PEC caputil, + B,OPEC cheat, + )
+ B, Economic activity, + Bt + M, + p,.

Long-run effects are estimated on the basis of equations (1) and (2) using both standard
and dynamic OLS methods. Yet, OLS methods may yield biased estimates, as assumptions on auto-
correlation and homoscedasticity may be violated. Dynamic OLS (DOLS) methods, first developed
by Stock and Watson (1993), cope with these violations: to account for the dynamic effects and
autocorrelations within time series data, in addition to the regressors in levels, n leads and »n lags of
the regressors in first differences are included in the estimation specification. The DOLS estimator
is consistent, asymptotically normally distributed, and efficient (Stock and Watson, 1993). The num-
ber of leads and lags is typically determined on the basis of information criteria such as the Akaike
(AIC) and Bayesian Information Criterion (BIC). If heteroskedasticity is an issue, Zivot and Wang

1. Data on this index can be downloaded from Professor Kilian’s homepage: https://sites.google.com/site/lkilian2019/
research/data-sets.
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(2007) suggest estimating Newey-West Standard Errors to obtain consistent estimates, a suggestion
that we followed in our OLS and DOLS estimations.

To examine the short-term relationship among the variables included in equations (1) and
(2), we estimate Error Correction Models (ECM), using the two-step technique proposed by Engle
and Granger (1987). In the first step, the residuals g of the long-term relationships (1) and (2) are
estimated using DOLS methods. In the second step, the first difference of the dependent variable
AWTI, =WTI, -WTI,_, is regressed upon the lagged residuals g, , and the first differences of the
regressors, as the optimal number of lags, indicated by both AIC and BIC, is one. For the long-term
relationship (1), the corresponding ECM reads:

AWTI, =y, +6u,_, + y,AFracking, | + y,AUS stocks,_,
+y,AOPEC caputil,_, + y, AOPEC cheat,_, 3)

+yAEconomic activity, | +yM, +&,,

where 0 reflects the rate of adjustment to equilibrium after a shock in the market. As the residuals
capture the difference between the actual value of the crude oil price and the long-run prediction of
pricing equation (1), statistical significance of  indicates that the oil price deviates from its long-
term equilibrium. In a similar vein, the ECM corresponding to the long-term relationship (2) reads:

AWTI, = p, +u,_, + pAUS conv. crude,_, + p,AUS shale oil,_,
+p,AUS stocks, |+ p,AOPEC caputil, | + p,AOPEC cheat, 4)

+psAEconomic activity, |+ pM, +¢,.

As a robustness check, in addition to estimating short-run relationships on the basis of an
ECM, we use a Vector Error Correction Model (VECM)), as it has the advantage that short- and long-
run relationships can be estimated simultaneously. The short-run effects are given by the coefficient
estimates of the regressors in first differences, while the long-run relationship is reflected by the
cointegrating vector, whose components are denoted by 6, and € ,, while & again represents the ad-
justment rate to equilibrium. Following Kaufmann et al. (2004), the VECM is estimated using all the
right-hand side variables of specifications (1) and (2), respectively, which are gathered in vector x:

AWTI, = S(OWTI,_, +6,x,_)+ > (AAWTI,_, + $Ax, ) +6OM, + 4, (5)

i=1

with 4,4, and 6, being coefficients to be estimated and &, and € denoting coefficient vectors.
4. ESTIMATION RESULTS

To test for the stationarity of the variables included in pricing equations (1) and (2), aug-
mented Dickey-Fuller (ADF) tests are employed. As the null hypothesis of a unit root is not rejected
throughout (see Table Al in the Appendix) and ADF tests reject the null hypothesis of a unit root
in the first differences of these variables, we conclude that all variables are integrated of order one:
I(1). Furthermore, again using ADF tests to examine whether the residuals of the long-run relation-
ship (1) and (2) are stationary (Engle and Granger, 1987) suggests that the variables included in both
equations are cointegrated (see Table A2 in the Appendix).

Comparing the OLS and DOLS coefficient estimates of the long-run relationships (1) and
(2) reported in Tables 2 and 3, we find that signs and significance levels are largely similar across
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specifications and estimation techniques. Consistent with economic theory (Dees et al., 2007), both
U.S. production and U.S. stocks have a significantly negative effect on the crude oil price: higher
production levels and increases in stocks put downward pressure on the price, as reliance on current
production is diminished, thereby reducing the risk premium associated with a supply disruption
(Kaufmann et al., 2004:77). Notably, the share of shale oil in total U.S. production also negatively
impacts oil prices. This does not come as a surprise: Given a fairly stable conventional crude oil

production, increasing shares of shale oil are associated with increases in total U.S. production.

Table 2: OLS Estimation Results for Pricing Rules (1) and (2) for WTI

Pricing Rule (1)

Pricing Rule (2)

Coeff.s Std. Errors Coeff.s Std. Errors Coeff.s Std. Errors
Shale oil share, -269.16%* (61.67) — — — —
US production, — — —17.79%* (2.07) — —
US conv. crude, — — — — -21.07* (9.45)
US shale oil, — — — — —16.34%** (4.81)
US stocks, —0.42%* (0.07) —0.31%* (0.05) —0.31%* (0.05)
OPEC caputil, 67.57 (63.54) 10.43 (39.41) 0.23 (53.37)
OPEC cheat, -3.65% (1.64) —4.00%* (1.22) —3.88%%* (1.26)
Economic activity, 0.20* (0.09) 0.26%* (0.05) 0.27%* (0.06)
t 1.40%* (0.19) 0.91%** (0.08) 0.87** (0.16)
Constant —351.22%* (84.83) —61.96* (30.34) -16.82 (138.70)
Month Dummies: included included included

Note: * denotes significance at the 5%-level and ** at the 1%-level, respectively. Newey-West Standard Errors are in

parentheses.

Table 3: Dynamic OLS Estimation Results for Pricing Rules (1) and (2) for WTI

Pricing Rule (1) Pricing Rule (2)

Coeff.s Std. Errors Coeff.s Std. Errors Coeff.s Std. Errors
Shale oil share, —193.66** (37.31) — — — —
US production, — — —15.14%* (1.89) — —
US conv. crude, — — — — —26.47* (10.88)
US shale oil, — — — — -9.58 (5.17)
US stocks, 0.07 (0.07) -0.12 (0.07) -0.05 (0.07)
OPEC caputil, —136.85%* (52.10) —118.99** (42.09) —163.18%* (50.87)
OPEC cheat, —12.59%** (1.84) —8.53%* (1.71) —7.87** (1.71)
Economic activity, 0.50%* (0.07) 0.48%* (0.07) 0.50%* (0.07)
t 0.34* (0.15) 0.59%* (0.12) 0.30 (0.19)
Constant —46.52 (58.86) 50.90 (41.34) 224.93 (149.86)
Month Dummies: included included included

Note: * denotes significance at the 5%-level and ** at the 1%-level, respectively. Newey-West Standard Errors are in

parentheses.

The coefficient estimates related to the considered OPEC supply factors are also in line
with theory (Kaufmann et al., 2004). First, the coefficient estimate on OPEC cheat is negative across
all specifications. This is a plausible result: If OPEC production exceeds the stipulated quota, this
should put downward pressure on the oil price. Second, in a similar vein, we interpret the negative
sign of the coefficient estimate on OPEC capacity utilization in the DOLS estimation (Table 3):
when a lot of crude oil is refined and placed on the market, this puts pressure on oil prices. Third,
not surprisingly, the coefficient estimate of the indicator of economic activity is positive in all long-
run specifications, indicating that a strong world-wide economic activity is associated with a higher

world oil price.
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Turning to the ECM results, we fail to see any kind of short-term relationship between most
of the supply factors and WTI prices (Table 4). Apart from g, ,, which has the expected negative
sign reflecting the speed of adjustment to the long-run equilibrium, the only coefficient estimate that
is different from zero at conventional significance levels is that on the lagged first difference of the
shale oil share (see first column of Table 4). Apparently, any increase in the share of shale oil in total
U.S. crude oil production is associated with a decrease in the WTI price in the following period, a
result that seems to be plausible given that the shale oil supply is more variable than conventional
crude oil supply. This outcome is further supported by the estimates of the third specification, which
reveal a negative relationship between shale oil production and the WTTI price, but not between con-
ventional crude oil and the WTT price.

Table 4: Estimation Results for the Error Correction Models

ECM (3) ECM (4)

Coeff.s Std. Errors Coeff.s Std. Errors Coefts Std. Errors
AShale oil share,_, —269.88%* (119.59) — — — —
AUS production,_ — — 4.26 (4.07) — —
AUS conv. crude, — — — — 7.05 (4.06)
AUS shale oil, | — — — — -21.89* (10.91)
AUS stocks, -0.11 (0.06) -0.10 (0.06) -0.11* (0.06)
AOPEC caputil, 35.44 (39.13) 30.64 (38.84) 40.95 (39.16)
AOPEC cheat,_, —-1.06 (0.57) -0.97 (0.60) -0.94 (0.58)
AEconomic activity, 0.04 (0.04) 0.05 (0.04) 0.04 (0.03)
o, —0.26%* (0.08) —0.23%%* (0.07) —0.24%%* (0.06)
Constant —2.44 (1.69) -3.21 (1.73) -2.74 (1.65)
Month Dummies: included included included

Note: * denotes significance at the 5%-level and ** at the 1%-level, respectively.

The remaining estimation results may be explained by the fact that all the other supply
factors are quite stable in the short-term. This holds particularly true for the OPEC quota, which is
typically changed once a year, if at all. While the other OPEC factors are not as stable as the OPEC
quota, their monthly fluctuations are quite moderate. It is thus not surprising that the majority of
supply factors considered exhibit vanishing short-term impacts. Finally, in qualitative terms, the
ECM results reported in Table 4 are mimicked by the estimates obtained from applying the VECM
(5), which are reported in Table 5.

Table 5: Estimation Results for the Vector Error Correction Models

Pricing Rule (1) Pricing Rule (2)
Coeff.s Std. Errors Coeff.s Std. Errors Coeft.s Std. Errors

AShale oil share, , —203.13* (89.35) — — — —
AUS production,_, — — 5.96* (2.72) — —
AUS conv. crude,_, — — — — 6.53% (2.83)
AUS shale oil,_, — — — — 5.06 (12.52)
AWTI, | 0.31%* (0.07) 0.35%* (0.07) 0.31%* (0.07)
AUS stocks, —-0.06 (0.05) -0.06 (0.05) -0.09 (0.05)
AOPEC caputil, , 35.29 (35.74) 46.65 (37.27) 49.33 (35.15)
AOPEC cheat, , -0.55 (0.60) -0.34 (0.60) —0.47 (0.59)
AEconomic activity, 0.03 (0.04) 0.02 (0.04) 0.02 (0.04)
0 -0.02 (0.02) —0.04* (0.02) —0.06** (0.02)
Constant -0.26 (1.69) —-0.88 (1.49) -0.92 (1.38)
Month Dummies: included included included

Note: * denotes significance at the 5%-level, ** at the 1%-level, respectively.
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Figure 3: Simulation holding the Shale Oil Share Constant at the Pre-Fracking-Boom Value
of 10%
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To get a sense of the magnitude of the effect of shale oil production on the oil price, we
now present the results of a simulation exercise based on the long-run estimation results of equation
1. Holding the shale oil share constant at 10%, that is, the share before the fracking boom started
in 2008 (Figure 1), this simulation exercise predicts the WTI price using the actual values of the
U.S. and OPEC supply factors, as well as the indicator of economic activity. According to this pre-
diction and the difference between WTI and the lower bound of the 95% confidence interval, oil
prices would have been around 40 to 50 dollars per barrel higher if the shale oil share had remained
constant at 10%, that is, if there had not been a fracking boom in the U.S. (Figure 3). The effect re-
sulting from this simulation is quite high compared to the estimate of 10 dollars per barrel provided
by Kilian (2017b), which among other things is due to the fact that in our specifications the demand
side is taken as given.

5. SUMMARY AND CONCLUSION

The steady decline in U.S. crude oil production over the last decades was reversed by the
increased adoption of the technology of hydraulic fracturing, also known as “fracking”. This tech-
nology is often called a game changer for the global oil market, as it enabled the U.S. to become
one of the world’s largest and most influential crude oil producers again. In this vein, it has been
frequently announced in the press that OPEC’s market power, if still existing at all, has drastically
diminished.

Using monthly data spanning from January 2000 to December 2016 and a supply-side
model similar to that proposed by Kaufmann et al. (2004), this study has investigated the effect of
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fracking on the world crude oil price. Among the key results of our correlation analysis is the finding
of a statistically significant negative long-run relationship between the oil price and OPEC supply
volumes that exceed the announced OPEC quota, indicating that OPEC still matters. We also find
a negative influence of the increased U.S. oil production due to fracking on the oil price, a result
that is in line with the studies of Borenstein and Kellogg (2014) and Kilian (2017b). Furthermore, a
simulation exercise demonstrates that oil prices would have been around 40 to 50 dollars per barrel
higher if the U.S. fracking boom had not occurred, an effect that is quite high due to the fact that in
our specifications the demand side is taken as given. This exercise indicates that it is important to
model both the supply and demand side to not overestimate the impact of a single factor, such as the
additional oil supply due to fracking.

Nonetheless, while being non-causal in nature, this empirical evidence substantiates the
conclusion of Kilian (2017b) that without a doubt, the U.S. fracking boom is an outstanding ex-
ample of a technological change in a single industry of one country that affects international trade
worldwide, not least world oil prices. Moreover, as it is likely that the fracking technology is also
used more intensively in countries other than the U.S. , it can be expected that the pressure that
this technology exerts on world oil prices may further increase. However, fracking is just one of a
multitude of factors that influence oil prices, among which the global economic development is the
most important. Therefore, given the empirical evidence that oil supply shocks tend to have only
modest effects on the price of oil (Kilian, 2016), one should not expect a further drastic decrease in
oil prices due to fracking.

ACKNOWLEDGEMENTS

We are grateful for invaluable comments and suggestions by Aisling Reynolds-Feighan,
Colin Vance and four anonymous reviewers. This paper also benefitted from discussions with the
audiences at the 9th RGS Doctoral Conference in Economics in Bochum (Germany), the 4th PhD
Workshop in Economics in Braga (Portugal), the 7th Atlantic Workshop on Energy and Environ-
mental Economics in A Toxa (Spain) and the 21st Workshop of the GEE Student Chapter in Aachen
(Germany). Marco Horvath gratefully acknowledges financial support by the Ruhr Graduate School
in Economics, the Commerzbank Foundation, and the Fritz Thyssen Foundation. This work has also
been supported by the Collaborative Research Center “Statistical Modeling of Nonlinear Dynamic
Processes” (SFB 823) of the German Research Foundation (DFG), within Project A3, “Dynamic
Technology Modeling”.

REFERENCES

Baumeister C. and L. Killian (2016). “Understanding the Decline in the Price of Oil since June 2014.” Journal of the Associ-
ation of Environmental and Resource Economists 3(1): 131-158. https://doi.org/10.1086/684160.

Borenstein, S. and R. Kellogg (2014). “The Incidence of an Oil Glut: Who Benefits from Cheap Crude Oil in the Midwest?”
The Energy Journal 35(1): 15-33. https://doi.org/10.5547/01956574.35.1.2.

BP (2018). “BP Statistical Review of World Energy 2018.” London, June 2018. Available at: https://www.bp.com/content/
dam/bp/business-sites/en/global/corporate/pdfs/energy-economics/statistical-review/bp-stats-review-2018-full-report.
pdf.

Dees, S., P. Karadeloglou, R.K. Kaufmann, and M. Sanchez (2007). “Modelling the World Oil Market: Assessment of a Quar-
terly Econometric Model.” Energy Policy 35(1): 178—191. https://doi.org/10.1016/j.enpol.2005.10.017.

EIA (2013). “Technically Recoverable Shale Oil and Shale Gas Resources: An Assessment of 137 Shale Formations in 41
Countries Outside the United States.” Washington D.C., June 2013. Energy Information Administration. US Department of
Energy. Available at: http://www.eia.gov/analysis/studies/worldshalegas/archive/2013/pdf/fullreport 2013.pdf.

Copyright © 2019 by the IAEE. All rights reserved.



202 / The Energy Journal

EIA (2018). “Petroleum & Other Liquids: Data.” Washington D.C.: Energy Information Administration. US Department of
Energy. Available at: https://www.eia.gov/petroleum/data.php.

Engle, R.F. and C.W.J. Granger (1987). “Co-Integration and Error Correction: Representation, Estimation, and Testing.”
Econometrica 55(2): 251-276. https://doi.org/10.2307/1913236.

Griffin, J.M. (1985). “OPEC Behavior: A Test of Alternative Hypotheses.” American Economic Review 75(5): 954-963.

Jackson, R.B., A. Vengosh, J.W. Carey, R.J. Davies, T.H. Darrah, F. O’Sullivan, and G. Pétron (2014). “The Environmental
Costs and Benefits of Fracking.” Annual Review of Environment and Resources 39: 327-362. https://doi.org/10.1146/
annurev-environ-031113-144051.

Kaufmann, R.K. (1995). “A Model of the World Oil Market for Project LINK Integrating Economics, Geology and Politics.”
Economic Modelling 12(2): 165—178. https://doi.org/10.1016/0264-9993(94)00004-O.

Kaufmann, R.K., A. Bradford, L.H. Belanger, J.P. Mclaughlin, and Y. Miki (2008). “Determinants of OPEC Production: Im-
plications for OPEC Behavior.” Energy Economics 30(2): 333-351. https://doi.org/10.1016/j.eneco.2007.04.003.

Kaufmann, R.K., S. Dees, P. Karadeloglou, and M. Sanchez (2004). “Does OPEC Matter? An Econometric Analysis of Oil
Prices.” The Energy Journal 25(4): 67-90. https://doi.org/10.5547/ISSN0195-6574-EJ-Vol25-No4-4.

Kilian, L. (2009). “Not All Oil Price Shocks Are Alike: Disentangling Demand and Supply Shocks in the Crude Oil Market.”
American Economic Review 99(3): 1053-1069. https://doi.org/10.1257/aer.99.3.1053.

Kilian, L. (2016). “The Impact of the Shale Oil Revolution on U.S. Oil and Gasoline Prices.” Review of Environmental Eco-
nomics and Policy 10(2): 185-205. https://doi.org/10.1093/reep/rew001.

Kilian, L. (2017a). “How the Tight Oil Boom Has Changed Oil and Gasoline Markets.” Papeles des Energia 3: 79—102.

Kilian, L. (2017b). “The Impact of the Fracking Boom on Arab Oil Producers.” The Energy Journal 38(6): 137-160. https://
doi.org/10.5547/01956574.38.6.1kil.

MacKinnon, J.G. (1996). “Numerical Distribution Functions for Unit Root and Cointegration Tests.” Journal of Applied
Econometrics 11(6): 601-618. https://doi.org/10.1002/(SICI)1099-1255(199611)11:6<601::AID-JAE417>3.0.CO;2-T.
Maugeri, L. (2012). “Oil: The Next Revolution.” Belfert Center for Science and International Affairs, Harvard Kennedy

School, Cambridge.
OPEC (2007). “OPEC Annual Statistical Bulletin 2007.” Vienna: Organization of the Petroleum Exporting Countries
(OPEC). Available at: http://www.opec.org/opec_web/static_files project/media/downloads/publications/ASB2007.pdf.
OPEC (2016). “OPEC 171st Meeting concludes.” Vienna: Organization of the Petroleum Exporting Countries (OPEC).
Available at: http://www.opec.org/opec_web/en/press_room/3912.htm.

OPEC (2017). “OPEC 172nd Meeting concludes.” Vienna: Organization of the Petroleum Exporting Countries (OPEC).
Available at: http://www.opec.org/opec_web/en/press_room/4305.htm.

OPEC (2018). “OPEC: Our Mission.” Vienna: Organization of the Petroleum Exporting Countries (OPEC). Available
at:http://www.opec.org/opec_web/en/about us/23.htm.

Smith, J.L. (2005). “Inscrutable OPEC? Behavioral Tests of the Cartel Hypothesis.” The Energy Journal 26(1): 51-82. https://
doi.org/10.5547/ISSN0195-6574-EJ-Vol26-No1-3.

Smith, J.L. (2009). “World Oil: Market or Mayhem?” Journal of Economic Perspectives 23(3): 145-164. https://doi.
org/10.1257/jep.23.3.145.

Stock, J.H. and M.W. Watson (1993). “A Simple Estimator of Cointegrating Vectors in Higher Order Integrated Systems.”
Econometrica 61(4): 783-820. https://doi.org/10.2307/2951763.

Zivot, E. and J. Wang (2007). “Modeling Financial Time Series with S-Plus.” Springer Science & Business Media, New York.

All rights reserved. Copyright © 2019 by the IAEE.



The U.S. Fracking Boom: Impact on Oil Prices / 203

APPENDIX

Table Al: Augmented Dickey-Fuller (ADF) Test Results

wTI AWTI Brent ABrent

test statistics —2.481 —6.581%* —2.134 —6.775%*
Shale oil share AShale oil share US production AUS production

test statistics -1.718 —4.263%* —-1.303 —11.189%*
US shale oil AUS shale oil US conv. crude AUS conv. crude

test statistics —1.443 —3.867* —2.930 —9.121%**
US Stocks AUS Stocks OPEC caputil AOPEC caputil

test statistics —2.373 —6.943%* —2.753 —8.193**

OPEC cheat AOPEC cheat Economic Activity AEconomic Activity
test statistics -2.920 —10.843** —3.085 —8.741%*

Note: * denotes significance at the 5%-level, ** at the 1%-level, respectively. ADF tests include an intercept and a time
trend. The number of lags is selected using the Akaike information criterion. Test statistics are taken from MacKinnon
(1996) using the number of observations.

Table A2: Cointegration Tests based on Augmented Dickey-Fuller (ADF) Tests on the
Residuals of Equations (1) and (2)

Pricing Rule (1) Pricing Rule (2)
Shale oil share US production US shale oil & US conv. crude
test statistics (without trend and constant) —4.057** —5.397** —5.520%**
test statistics (with time trend) —4.239%* —5.388%** —5.509%*

Note: * denotes significance at the 5%-level, ** at the 1%-level, respectively. The number of lags is selected using the
Akaike information criterion. Test statistics are taken from MacKinnon (1996) using the number of observations.

Table A3: Overall and Yearly Averages in terms of Means

Overall

Variable Data source Mean 2000 2001 2002 2003 2004 2005 2006 2007
WTI ($/b) EIA (2018) 68.6 41.3 344 34.1 39.7 51.4 67.8 76.9 81.7
Brent ($/b) EIA (2018) 70.7 38.9 324 32.6 36.8 47.5 65.4 75.9 81.9
US stocks (mb) EIA (2018) 1,001.0 852.7 854.1 8835 8959 951.5 991.7 1005.8 997.7
Economic activity Kilian (2009) 7.1 1.3 -7.3 -19.9 15.5 42.7 36.3 27.8 51.1
Shale oil share Own calculations 19.1% 62% 6.0% 59% 59% 64% 74% 7.8%  8.5%
US production (mbd) EIA (2018) 6.3 5.8 58 5.7 5.7 54 52 5.1 5.1
US conv. crude (mbd) EIA (2018) 4.9 55 5.5 5.4 53 5.1 4.8 4.7 4.6
US shale oil (mbd) EIA (2018) 1.4 0.4 0.4 0.3 0.3 0.3 0.4 0.4 0.4
OPEC caputil EIA (2018) 92.6%  91.2% 87.9% 83.4% 93.4% 959% 96.8% 95.5% 93.5%
OPEC quota (mbd) EIA (2018) 26.8 24.0 242 21.7 24.8 25.1 27.6 27.7 26.1
OPEC cheat (mbd) OPEC (2007) 0.6 1.9 1.0 22 14 2.6 1.6 1.0 2.1
Variable Data source 2008 2009 2010 2011 2012 2013 2014 2015 2016
WTI ($/b) EIA (2018) 108.4 67.3 85.4 99.0 96.2 98.6 92.5 48.2 422
Brent ($/b) EIA (2018) 105.4 67.2 85.6 116.1 1142 109.5 98.2 51.9 42.6
US stocks (mb) EIA (2018) 993.0 1048.6 1061.1 1038.8 1040.4 10455 1041.8 1129.1 1184.8
Economic activity Kilian (2009) 55.0 9.9 32.0 5.4 -17.9 -16.5 6.6 -30.5 -57.1
Shale oil share Own calculations 10.5% 11.2% 144% 21.8% 31.8% 392% 44.8% 483% 48.1%
US production (mbd) EIA (2018) 5.0 5.4 55 5.6 6.5 7.5 8.8 9.4 8.9
US conv. crude (mbd) EIA (2018) 4.5 4.8 4.7 44 44 4.5 4.8 4.9 4.6
US shale oil (mbd) EIA (2018) 0.5 0.6 0.8 1.2 2.1 2.9 39 4.5 43
OPEC caputil EIA (2018) 95.8%  88.6% 88.4% 90.8% 93.7% 93.4% 93.6% 95.6% 96.4%
OPEC quota (mbd) ~ OPEC press releases ~ 29.1 24.8 24.8 253 30.0 30.0 30.0 30.0 30.0
OPEC cheat (mbd) OPEC press releases 0.1 23 3.0 2.4 -1.6 2.7 -29 2.4 -1.9
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Table A4: OLS Estimation Results for Pricing Rules (1) and (2) for Brent Oil

Coeff.s Std. Errors Coeft.s Std. Errors Coeff.s Std. Errors
Shale oil share, -304.76** (71.78) — — — —
US production, — — —21.50%** (2.50) — —
US conv. crude, — — — — —24.65* (12.10)
US shale oil, — — — — —20.11%* (5.77)
US stocks, —0.54%%* (0.10) —0.42%* (0.06) —0.42%* (0.06)
OPEC caputil, 85.83 (79.10) 24.16 (48.19) 14.38 (67.61)
OPEC cheat, -2.84 (2.05) -3.56* (1.50) —3.44%* (1.50)
Economic activity, 0.11 (0.12) 0.16* (0.06) 0.17* (0.08)
t 1.73%* (0.24) 1.19%* (0.10) 1.15%* (0.19)
Constant —424 24%* (103.39) —95.84* (37.63) -52.55 (175.94)
Month Dummies: included included included

Note: * denotes significance at the 5%-level and ** at the 1%-level, respectively. Newey-West Standard Errors are in

parentheses.

Table AS: Dynamic OLS Estimation Results for Pricing Rules (1) and (2) for Brent Oil

Coeft.s Std. Errors Coeff.s Std. Errors Coeff.s Std. Errors
Shale oil share, —233.96%* (41.92) — — — —
US production, — — —19.10%* (2.30) — —
US conv. crude, — — — — —31.45%* (11.24)
US shale oil, — — — — —11.71* (5.92)
US stocks, -0.04 (0.08) —0.27%* (0.09) -0.13 (0.09)
OPEC caputil, -39.63 (61.49) —-50.08 (59.95) —121.01* (60.45)
OPEC cheat, _11.48%* (2.15) —6.92%% (2.31) _6.42%% (2.27)
Economic activity, 0.31%** (0.08) 0.31%* (0.09) 0.35%* (0.09)
t 0.60%* (0.16) 0.92%* (0.16) 0.48%* (0.21)
Constant -162.86* (69.96) -28.75 (58.52) 191.07 (157.47)
Month Dummies: included included included

Note: * denotes significance at the 5%-level and ** at the 1%-level, respectively. Newey-West Standard Errors are in

parentheses.

Table A6: Estimation Results for the Error Correction Models for the Price of Brent Oil

Coeff.s Std. Errors Coeff.s Std. Errors Coeff.s Std. Errors

AShale oil share, , —284.99* (113.49) — — — —
AUS production,_, — — 4.01 (4.14) — —
AUS conv. crude, — — — — 7.39 (3.99)
AUS shale oil, — — — — -28.00* (12.47)
AUS stocks, | -0.08 (0.07) -0.07 (0.06) -0.09 (0.06)
AOPEC caputil, , 43.48 (40.96) 36.64 (39.67) 50.77 (40.98)
AOPEC cheat,_, -1.10 (0.57) -1.01 (0.59) -0.93 (0.59)
AEconomic activity, 0.03 (0.03) 0.04 (0.04) 0.03 (0.03)
1 —0.23%%* (0.08) —0.15%%* (0.06) —0.15%%* (0.05)
Constant -2.06 (1.61) -2.82 (1.72) -2.25 (1.59)
Month Dummies: included included included

Note: * denotes significance at the 5%-level and ** at the 1%-level, respectively.
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Table A7: Estimation Results for the Vector Error Correction Models for the Price of Brent

Qil
Coeff.s Std. Errors Coeff.s Std. Errors Coeff.s Std. Errors

AShale oil share, | —229.91* (94.84) — — — —
AUS production,_, — — 5.43 (2.84) — —
AUS conv. crude, — — — — 6.99* (2.93)
AUS shale oil, — — — — -2.14 (14.07)
ABrent, , 0.30%** (0.07) 0.33%* (0.07) 0.30%** (0.07)
AUS stocks, | -0.02 (0.06) -0.02 (0.06) -0.05 (0.06)
AOPEC caputil, 44.46 (36.58) 56.51 (38.56) 55.22 (36.16)
AOPEC cheat, , -0.69 (0.62) -0.47 (0.63) —0.66 (0.61)
AEconomic activity, 0.04 (0.04) 0.03 (0.04) 0.03 (0.04)
0 -0.01 (0.02) -0.03 (0.02) —0.04* (0.02)
Constant 0.40 (2.64) -0.23 (1.61) -0.70 (1.42)
Month Dummies: included included included

Note: * denotes significance at the 5%-level and ** at the 1%-level, respectively.
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