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1. Introduction

The use of hydraulic fracturing (or fracking) in conjunction with horizontal drilling and micro-seismic
imaging has made it possible to extract crude oil from rock formations characterized by low permeability.
Oil extracted by these technigques is commonly referred to as tight oil or shale oil to differentiate it from
crude oil extracted by conventional drilling techniques. To date commercial shale oil production has been
largely limited to the United States. The U.S. oil fracking boom is an example of a technological change
in a single industry in one country affecting international trade worldwide. Increased U.S. shale oil
production over time has displaced crude oil exports from Arab oil producing countries, both because the
United States no longer relies as heavily on crude oil imports from Arab countries and because U.S.
refineries have increasingly exported refined products such as gasoline or diesel made from domestically
produced crude oil, causing other countries to cut back on their crude oil imports as well (see Kilian
2016). Whereas the gains to the U.S. economy of the fracking boom are well understood at this point,
little is known to date about the losses this development has imposed on foreign oil producers.
Understanding the implications of the U.S. fracking boom is important not only for policymakers in Arab
economies deciding on how best to respond to the tight oil boom, but it also provides a prime example of
a well-identified exogenous shock to the terms of trade of primary commaodity exporters.

This article quantifies the impact of the U.S. tight oil boom on U.S. imports of crude oil and
exports of refined products as well as Arab exports of crude oil." On the basis of these estimates, |
construct an estimate of how the price of oil in global markets would have evolved in the absence of this
boom. This counterfactual allows me to quantify the losses in Saudi oil revenue (and hence in Saudi
national income) since late 2008. In section 2 | review the evolution of crude oil production in the United
States and elsewhere, highlighting the contribution of the U.S. fracking boom to global oil production
growth. One of the channels by which the fracking boom has affected Arab oil producers is a reduction in
U.S. crude oil imports since late 2008. Section 3 provides estimates of how many barrels of crude oil

Arab oil producers have been unable to export to the United States due to the fracking boom. | show that

! An excellent nontechnical study of the impact of the tight oil boom on Arab oil producers is Fattouh (2014).
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the quantitative importance of this effect differs substantially across Arab oil producers. A second channel
is the reduction in Arab crude oil exports to the rest of the world caused by increased U.S. exports of
refined products, as U.S. refiners take advantage of access to low-cost domestically produced crude oil.
This effect is quantified in section 4.

Measuring the financial implications of the U.S. fracking boom for Arab oil producers is even
more challenging than quantifying its physical effects on trade in crude oil. My analysis of this question
in section 5 focuses on Saudi Arabia as the leading example. Using a new econometric methodology, |
develop two data-based counterfactuals aimed at estimating the implications of these oil export losses for
Saudi oil revenues between December 2008 and August 2015. My preferred counterfactual provides
evidence that the cumulative losses in Saudi oil revenue caused by the fracking boom by August 2015 had
reached 102 billion dollars. It also shows that the decline in Saudi foreign exchange reserves between
mid-2014 and August 2015 would have been reduced by 27 percent (or 24 billion U.S. dollars) in the
absence of the U.S. fracking boom, with the remaining 66 billion dollars reflecting increased oil
production by other oil producers, shifts in oil price expectations, and the weakening of the global
economy.

In constructing this counterfactual, | provide explicit estimates of the effect of the U.S. fracking
boom on the Brent price of crude oil for every month since late 2008. Based on a recently proposed
econometric model of the global market for crude oil I show that the cumulative effect of the fracking
boom on the Brent price had been building gradually, reaching a peak in mid-2014, before declining in
late 2014. Whereas in mid-2014 the Brent price was lower by $10 than it would have been in the absence
of the fracking boom, by mid-2015 this price differential had fallen to $5. My analysis also sheds new
light on the question of whether the decline in the price of oil after June 2014 was primarily caused by the
fracking boom. I demonstrate that a very similar price decline would have occurred between July 2014
and January 2015 even in the absence of increased U.S. shale oil production. This conclusion
complements the analysis in Baumeister and Kilian (2016a) based on an alternative methodology.
Baumeister and Kilian were unable to pin down the quantitative role of fracking specifically, but provided
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strong evidence that a slowdown in the global demand for oil was a major contributor to this specific oil
price decline, along with shocks to global oil production and oil price expectations.

The concluding remarks in section 6 relate the estimates of Saudi oil revenue losses to recent
reports of a substantial decline in Saudi foreign exchange reserves. | also discuss implications of my
findings for Saudi economic policies in the years to come. The technical details of the construction of the

counterfactuals are described in an appendix.

2. Recent Changes in Oil Production in the United States and Elsewhere
Only a few years ago, a common view among pundits was that world oil production would no longer able
to keep up with growing oil consumption needs. An extreme version of this skepticism was embodied in
the peak oil hypothesis which asserted that global oil production had permanently peaked by 2007 or that
the peak was imminent.? Although economists tend to be skeptical of the peak oil hypothesis for reasons
discussed in Holland (2008, 2013), it was readily apparent at the time that many traditional oil fields were
in decline and that the prospects for discovering crude oil in regions not ridden with civil strife were
diminishing. Thus, even granting that high oil prices driven by strong demand for oil tend to provide
strong incentives for expanding future oil production, as of 2007, nothing in past experience guaranteed
that this supply response to rising oil prices would be adequate or that it would occur in a timely manner.
As the left panel of Figure 1 shows, with the benefit of hindsight, these concerns were
unwarranted. Not only did the U.S. fracking boom reverse the long-standing decline in U.S. crude oil
production, but Canadian production of unconventional crude oil from oil sands soared and Russian oil
production reached unprecedented levels. At the same time, both Saudi Arabian and other Persian-Gulf
production growth, which seemed to have levelled off after 2005, accelerated again. This surge in oil
production was more than enough to offset the decline in crude oil production in other countries. Table 1

shows an increase in global oil production of 6.17 million barrels per day (mbd) between November 2008

2 For example, an IMF study by Benes et al. (2015), using data up to 2009, predicted a near doubling of the price of
oil over the coming decade based on the view that geological constraints would win out over technological
improvements in conserving oil use and in oil extraction.



and September 2015, corresponding to an average rate of increase of 1.16 percent. Average growth
accelerated to 2.63 percent between June 2014 and September 2015. Table 1 dispels the notion that
fracking in the United States alone has been responsible for this surge. Although the United States was
responsible for the bulk of the oil production increase, accounting for an extra 4.3 mbd over the last seven
years, there were also notable production increases by Iraq (2.07 mbd), Saudi Arabia (1.23 mbd), Russia
(0.79 mbd) and Canada (0.73 mbd) that were unrelated to the fracking boom.

The evolution of U.S. oil production in particular is remarkable, given the long-standing decline
in U.S. oil production that began in the early 1970s and was only briefly reversed by the development of
the Alaskan oil fields in the late 1970s. The vertical line in the left panel of Figure 1 refers to the date of
November 2008, which marks the reversal of this trend. It can be shown that this reversal is largely due to
the U.S. fracking boom. The right panel of Figure 1 plots the sum of crude oil production at the Bakken,
Eagle Ford, Haynesville, Marcellus, Niobrara, Permian, and Uttica shale oil plays. These seven regions
account for 92% of U.S. domestic shale oil production growth. Between November 2008 and September
2015, U.S. shale oil production increased by approximately 3.82/0.92 = 4.15million barrels/day (mbd),
which roughly matches the entry of 4.30 mbd for the change in total U.S. crude oil production in the first
column of Table 1. Thus, throughout this article, I will treat November 2008 as the beginning of the

fracking boom.

3. Quantifying the Decline in U.S. Crude Oil Imports from Arab Producers
The U.S. oil sector is governed by the following identity, which describes the composition of the total
guantity of crude oil used by the economy:

Q +M,-X,=C, -Al,
where Q, is domestic crude oil production, M, is U.S. crude oil imports, X, is U.S. crude oil exports, C,
is the consumption of crude oil, which refers to crude oil used by U.S. refineries to produce refined
products such as gasoline or diesel for domestic consumption or for export, and Al, denotes the change in

crude oil inventories.



The left panel of Figure 2 illustrates how U.S. domestic oil production, crude oil imports and
exports of crude oil have evolved since the 1970s. Three facts stand out. First, as already noted, following
a secular decline in U.S. oil production, U.S. oil production sharply accelerated in late 2008, reflecting the
fracking boom. Second, historically crude oil imports have been rising during economic expansions and
falling during economic downturns. This pattern changed in 2005, even before the fracking boom, when
the U.S. economy learned to make do with less crude oil during an economic expansion amidst high and
rising oil prices. The decline in crude oil imports accelerated during the fracking boom, when increased
domestic shale oil production at low prices compared with the global price of oil reduced the need for
high-cost crude oil imports. The reason for the comparatively low price of shale oil was a glut of light
sweet crude oil in the central United States that reflected transportation bottlenecks within the United
States as well as a ban on crude oil exports dating back to the 1970s (see Kilian 2016). There have been
some exceptions to this ban, allowing for oil exports to Canada, for example, but overall this oil export
ban has been binding. As a result, U.S. crude oil exports have remained negligible throughout most of this
sample. Only in 2014 and 2015 U.S. oil exports increased somewhat, as the Obama administration
allowed for more flexibility in the interpretation of the law governing U.S. oil exports. As of December
2015, Congress passed a law lifting the oil export ban, but that policy shift is not yet reflected in the data.

The right panel of Figure 2 quantifies the total use of crude oil by the U.S. economy, computed as

Q, +M, — X,. In quantifying the importance of oil imports for the U.S. economy, it is useful to express

U.S. crude oil imports as a share of the amount of crude oil used by the U.S. economy. This approach
controls for fluctuations in the size of the U.S. economy and for slow-moving changes in the energy
efficiency of the U.S. economy. During a recession, for example, all else equal, both the use of crude oil
by the economy and its oil imports would be expected to fall without affecting the oil import share. In
contrast, if the fracking boom displaces crude oil imports from Arab oil producers, this should be
reflected in a reduction in the share of U.S. imports from Arab countries in the oil used by the U.S.

economy.



The left panel of Figure 3 shows the evolution of the share of U.S. crude oil imports from the rest
of the world as well as the share of U.S. crude oil imports from OPEC, from Arab OPEC (defined as
Algeria, Irag, Kuwait, and Saudi Arabia for our purposes), and from West Africa (Nigeria, Angola).® The
overall import share declined from a peak of almost 70 percent in the mid-2000s to about 45% in 2015.
This pattern is also found for OPEC oil imports and its components. By 2015 crude oil imports from
West Africa fell to near zero. West African crudes are in direct competition with domestically produced
light sweet crude oil in the United States. As U.S. refiners along the East Coast found ways of substituting
shale oil (or lower priced conventional light sweet crude oil from domestic sources) for these imports,
West African crudes were almost entirely displaced. Crude oil imports from Arab OPEC as well fell from
about 20 percent of U.S. oil use as recently as 2008 to under 10 percent in 2015. The reason presumably
was that these crudes no longer could compete with the low price of domestically produced U.S. crude oil
and U.S. imports of heavy Canadian crudes (see Kilian 2016).

The right panel of Figure 3 traces the import shares of four Arab oil producers before and after
November 2008, which marks the beginning of the fracking boom (see Figure 1). We are interested in
examining whether there are important changes in the dependency of the U.S. economy on oil imports
from these countries. Figure 3 shows a striking drop in the share of U.S. oil imports from Saudi Arabia
after November 2008. After some fluctuations, the Saudi share reaches near 5% in 2015, compared with
about 10% initially. Figure 3 also shows a steady decline in the share of U.S. oil imports from Algeria
(another producer of light sweet crude oil not unlike the West African oil producers). The share of U.S.
oil imports from Iraq also declines over time. The higher volatility of the latter share is likely explained
by political constraints on Iragi oil production more than the fracking boom. Only the share of oil imports

from Kuwait remains largely stable.

® | approximate crude oil imports from these countries by petroleum imports under the assumption that U.S. product
imports from Arab countries are zero. This assumption can be verified for selected dates using data in the EIA’s
database for U.S. crude oil imports at the company level. Figure 3 excludes Libya from the Arab oil producers
because Libyan oil exports in recent years are driven primarily by political events in Libya. The UAE and Qatar are
excluded, because the EIA does not provide monthly data for U.S. imports from these countries, given their small
size.



How quantitatively important is the reduction in U.S. export market share for Arab oil producers?
A natural counterfactual is how Arab oil exports to the United States would have evolved, if the share of
U.S. imports from those countries had remained constant at its average value between September 2004
and November 2008. This benchmark is reasonable in that the Saudi share, for example, remained
remarkably stable over this period (see Figure 3). Disregarding earlier data in computing this share helps
avoid variation in the share caused by exogenous events such as the 2003 Irag War. In the absence of
alternative explanations of the variation in Arab oil exports, the difference between this counterfactual
path of Arab oil exports and the observed path of Arab oil exports to the United States can be interpreted
as the loss in Arab oil exports caused by the fracking boom. Figure 4 plots the evolution of these export
losses measured in millions of barrels per day between December 2008 and September 2015. In other
words, Figure 4 shows estimates of the amount of crude oil that the United States would have imported
from Saudi Arabia, Kuwait, Algeria, and Iraqg, respectively, if domestically produced U.S. crude oil had
not displaced these crude oil imports. Clearly, the assumption that all of the variation in the share of Arab
imports can be attributed to the fracking boom may be questioned. There could be alternative
explanations of the disproportionate drop in the U.S. import share from Saudi Arabia between 2009 and
2011, for example. Moreover, there are reasons to believe that U.S. imports from Saudi Arabia are less
sensitive to the shale oil boom than other oil imports, because some U.S. refineries have been designed
specifically for Saudi medium-density crude and because Saudi crude oil faces little direct competition
form light sweet shale oil (also see Kilian 2016). Finally, one could make the case that oil producers
responding to a decline in the global price of oil triggered by reduced U.S. oil use would reduce their oil
production proportionately to their share in global oil production, in which case the import share would
not remain constant over time, but may actually fall in response to a decline in the use of oil by the U.S.
economy. For now we put these concerns aside. The realism of the working assumption of import shares
will be assessed in section 5 by confronting counterfactual oil price estimates based on this assumption

with extraneous evidence.



4. Quantifying the Displacement of Arab Oil Exports to the Rest of the World

Given the U.S. oil export ban, very little of the shale oil production generated by the fracking boom was
exported. It may seem that therefore this production would not matter for the price of oil beyond the
reduction in U.S. crude oil imports. This conclusion would be mistaken because the glut of light sweet
crude oil in the central United States that emerged following the fracking boom depressed the price of
domestically produced crude oil. U.S. refiners with access to low-priced domestic crude oil therefore
increased exports of refined products such as gasoline or diesel, notably to Europe and to Latin America.
These exports of refined products effectively circumvented the ban on crude oil exports. To the extent
that countries in the rest of the world that bought these refined products no longer needed to import as
much crude oil for their refineries as before, this trade in products reduced the demand for Arab oil
exports, adding to the costs of the fracking boom to Arab oil producers.

The left panel of Figure 5 shows a surge in U.S. exports of refined products in recent years.
Assuming that the share of U.S. product exports in the oil used by the U.S. economy had stayed constant
at its November 2008 value, one can construct a counterfactual for how exports of refined products would
have evolved in the absence of the fracking boom starting in late 2008. The difference between the path
of actual and counterfactual U.S. product exports provides a rough measure of the magnitude of the
implied loss in Arab exports to the rest of the world. The right panel of Figure 5 expresses this loss in
terms of its crude oil equivalent. The crude oil equivalent is computed by multiplying the shortfall of
product exports computed in the left panel by 1.3548. This conversion factor is based on the fact that U.S.
refineries in 2014 on average produced 12 gallons of diesel and 19 gallons of gasoline (for a total of 31
gallons of refined product) from 42 gallons (one barrel) of crude oil, according to the U.S. Energy
Information Administration. Assuming an average mix of diesel and gasoline, this implies a conversion
factor of 42/31=1.3548.

This baseline estimate of the Arab crude oil exports lost to U.S. product exports, however,
ignores the fact that rising Canadian exports of crude oil allowed the United States to export more refined

products than otherwise would have been possible. Imports of heavy crudes from Canada in particular
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appear to have displaced U.S. imports of heavier crudes from Mexico and Venezuela with the latter
countries’ import shares after late 2005 steadily falling from 9 percent each to about 4 percent and
Canada’s share steadily rising from 15 percent to 21 percent over the same period.* Thus, the increase in
U.S. oil imports from Canada exceeds the combined reduction in U.S. oil imports from Mexico and in
U.S. oil imports from Venezuela. It would clearly be misleading to attribute the resulting product exports
to the fracking boom.

Subtracting the net increase in crude oil imports from Canada, Mexico and Venezuela from the
baseline export loss series in the right panel of Figure 5 tends to reduce the estimate of the oil export
losses of the rest of the world substantially. We take the latter series as the benchmark when assessing the
role of the fracking boom in driving up U.S. refined product exports. Figure 6 quantifies the Arab oil
export losses caused by the U.S. exports of refined products. For simplicity | assume that the total loss of
exports to the rest of the world (measured as the crude oil equivalent of increased U.S. product exports)
can be apportioned based on the average share of each country’s oil production in oil production in the
world excluding the United States. Not surprisingly, by far the largest losses are incurred by Saudi
Avrabia, given its large market share.

Figure 7 combines the direct losses of section 3 and the indirect losses of section 4 for each Arab
oil producer. For Saudi Arabia, Algeria and Kuwait, there is a tendency for the export losses expressed in
million barrels of crude oil per day to increase over time. In the case of Saudi Arabia, losses reach one
million barrels per day in 2014; Algeria reaches 0.5 million barrels per day in 2013 and Iraqg in 2015.
Only Kuwait has been largely unaffected with no pronounced tendency for increased export losses over

time.

5. How Much Oil Revenue Did Arab Oil Producers Lose?

So far we have estimated the foregone exports of Arab oil producers associated with the surge in U.S.

* These estimates were obtained by multiplying U.S. petroleum imports from these countries by the country-specific
share of crude oil in these imports obtained from October 2014 data in the Energy Information Administration’s
company level reports.



tight oil production. An equally important question is how large the financial losses have been. For
concreteness, my discussion in this section focuses on Saudi Arabia. A simple, but arguably unrealistic
counterfactual would be how much oil revenue Saudi Arabia lost compared with a world in which the
additional crude oil produced by U.S. shale oil producers would have been provided by Saudi Arabia
instead, holding constant the production of all other oil producers. The advantage of this thought
experiment is that we can think of the price of oil under this counterfactual as having been the same as the
observed oil price to a first approximation, allowing us to estimate the loss in Saudi revenue caused by the

fracking boom as

actual Saudi,counterfactual Saudi,actual
Pt (Qt - Qt ) ’

Saudi,counterfactual __ QSaudi ,actual

where Q A denotes the Saudi export losses, as shown in Figure 7, and Pj"““a'

denotes the actual dollar price of oil, as measured by the Brent price. °

There are several important caveats underlying this proposal. First, this counterfactual abstracts
from any stimulating effects increased shale oil production may have on the U.S. economy. Those effects
are small enough to be ignored, however (see Kilian 2016). Second, and more importantly, we abstract
from differences in the quality of crude oil coming from Saudi Arabia compared with shale oil. These
differences matter in that Saudi crude oil exports are not a perfect substitute for the light sweet crude oil
that many refineries along the U.S. East Coast and in Europe are designed to process (see Kilian 2016). A
third and even bigger concern with this counterfactual is that it is doubtful that Saudi Arabia would have
been able to generate a surge in oil production of a magnitude comparable to the surge in U.S. shale oil
production. As a result, this simple counterfactual is not credible.

Instead | examine an alternative and presumably more realistic set of counterfactuals, which asks
how different the price of crude oil would have been, if all producers but the United States had
maintained their observed oil production levels and if the U.S. fracking boom had never happened. In

other words, | examine the cumulative effects of lowering world oil production by the amount of Arab oil

® A better measure might be the monthly Saudi f.0.b. price of crude oil, but the latter series is not available on a
continuous basis from the U.S. Energy Information Administration.
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export losses shown in Figure 7 (or alternatively by the direct estimate of shale oil production in the right
panel of Figure 1) on the global price of crude oil, allowing one to compute the implied increase in Saudi

revenues as

Saudi,actual counterfactual actual
Q (R -R™)

where Q" denotes the observed level of Saudi oil production and P®"*™ _ p*“@ denotes the

difference between the actual dollar price of oil and the dollar price of oil obtained under this
counterfactual.

The counterfactual price may be estimated with the help of a recently developed structural vector
autoregressive (VAR) model of the global market for crude oil (see, e.g., Kilian and Murphy 2014). This
model includes four variables: (1) the growth in global crude oil production, (2) a suitably updated
measure of cyclical fluctuations in global real economic activity originally proposed by Kilian (2009), (3)
the log of the real price of crude oil (obtained by deflating the U.S. refiners’ acquisition cost for crude oil
imports by the U.S. CPI), and (4) the change in above-ground global crude oil inventories measured by a
suitable proxy. We follow the literature in estimating the model at monthly frequency using seasonal
dummies and 24 autoregressive lags.

The structural shocks are identified based on a combination of sign restrictions and bounds on the
short-run price elasticities of oil demand and oil supply. The key identifying assumptions are restrictions
on the signs of the impact responses of the four observables to each structural shock. There are four
structural shocks. First, conditional on past data, an unanticipated disruption in the flow supply of oil
causes oil production to fall, the real price of oil to increase, and global real activity to fall on impact.
Second, an unanticipated increase in the flow demand for oil (defined as an increase in oil demand for
current consumption) causes global oil production, global real activity and the real price of oil to increase
on impact. Third, a positive speculative demand shock, defined as an increase in inventory demand driven
by expectations shifts not already captured by flow demand or flow supply shocks, in equilibrium causes

an accumulation of oil inventories and raises the real price of oil. The accumulation of inventories
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requires oil production to increase and oil consumption to fall (associated with a fall in global real
activity). Finally, the model also includes a residual demand shock designed to capture idiosyncratic oil
demand shocks driven by a myriad of reasons that cannot be classified as one of the first three structural
shocks.

In addition to these static sign restrictions, the model imposes the dynamic sign restriction that
structural shocks that raise the price of oil on impact do not lower the real price of oil for the first 12
months following the shock. The rationale for this restriction is that an unexpected flow supply disruption
would not be expected to lower the real price of oil within the same year nor would a positive flow
demand or speculative demand shock. Finally, the model imposes the restrictions that the impact price
elasticity of oil supply is close to zero and that the impact price elasticity of oil demand cannot exceed the
long-run price elasticity of oil demand, which conventional estimates put at -0.8. For further discussion of
this model, the reader is referred to Kilian and Murphy (2014), Kilian and Lee (2014) and Baumeister and
Kilian (2014).

The model is re-estimated on data extending to August 2015, as described in Kilian and Lee
(2014). The estimates of the responses of each model variable to each oil demand and supply shock are
shown in Appendix A. Figure 8 shows how much shocks to the flow demand for oil, the flow supply of
oil and speculative (or storage) demand shocks driven by oil price expectations have contributed to the
evolution of the real price of oil, according to the model estimates. The estimates are broadly consistent
with the conclusions of Baumeister and Kilian (2016a) using an alternative methodology. The figure
confirms that all three shocks contributed to the decline in the real price of oil since June 2014.

Our main interest in this article is the sequence of flow supply shocks in this model. Given a pre-
specified path of global oil production, obtained by adjusting actual global oil production by its U.S. shale
oil component, we may infer the sequence of flow supply shocks required to produce this path of oil
production after November 2008, holding constant the remaining structural shocks in the model. Similar
techniques are discussed in Waggoner and Zha (1999) and Baumeister and Kilian (2014). Knowledge of
this sequence of flow supply shocks allows us to determine how much higher the price of oil would have
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been under this counterfactual compared with the actual price of oil. The implied sequence of price
differentials P — p***' may be used to compute, month by month from December 2008 until

August 2015, the additional revenue Saudi Arabia would have received after November 2008 in the
absence of the U.S. fracking boom. A more detailed discussion of this procedure can be found in
Appendix B.

There are several potential caveats to keep in mind. First, this thought experiment is based on the
premise that increased U.S. shale oil production was entirely due to exogenous oil supply shocks rather
than being caused by oil demand shocks. This assumption is consistent with the view that in the absence
of technological innovation, the shale oil boom would not have taken place, but it makes no allowance for
effects working through oil price expectations. Second, we assume that Saudi oil production would have
remained the same under this counterfactual. One could make the case that Saudi Arabia might have
chosen to produce more or less crude oil than it did in the absence of the fracking boom. Whereas the
simple counterfactual discussed at the beginning of this section postulated that Saudi Arabia would have
produced a lot more oil in the absence of the fracking boom, the current counterfactual effectively
postulates that Saudi Arabia would have been unable to increase its oil production compared with its
observed level.

Figure 9 shows two measures of the counterfactual path of world oil production corresponding to
competing views of how large world oil production would have been in the absence of the U.S. fracking
boom. The indirect measure in the left panel is derived from the effects of fracking on international trade
in crude oil. This measure consists of the reduction in U.S. crude oil imports from the rest of the world
and the crude oil equivalent of the increase in U.S. exports of refined products, adjusted for net increases
in U.S. crude oil imports from Canada, Mexico, and VVenezuela. This measure can be computed
analogously to the results in Figure 7. The direct measure in the right panel is based on the change in
shale oil production since November 2008, as reported in the right panel of Figure 1. The indirect

measure is slightly larger than the indirect measure, but the overall pattern is similar. One potential
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difference is that increased shale oil production need not translate to increased production of refined
products within the same month, given bottlenecks in the shipping of this oil to U.S. refineries. Instead it
may be accumulated in inventories and potentially refined at a later point (see Kilian 2016). The indirect
measure accounts for this problem and hence may be more reliable. It may involve other approximation
errors, however, that do not arise when constructing the direct measure.

Given the change in the quantity of oil produced in equilibrium under the counterfactual, it is
straightforward to infer how much the supply curve must shift each month, conditional on past data, in
order to produce the counterfactual equilibrium quantity. Figure 10 shows the sequence of flow supply
shocks that would have to be imposed in the global oil market model proposed by Kilian and Murphy
(2014) to make global oil production follow the counterfactual path of world oil production in Figure 9.
An important concern is whether the flow supply shocks required to implement the pre-specified path of
global oil production after November 2008 are too large by historical standards or too predictable to
maintain the assumption of a time-invariant structural VAR model. Figure 10 illustrates that neither of
these shock sequences involves shocks that are unusually large by historical standards, addressing the first
concern. As to the second concern that the counterfactual shocks must not be predictable, it is useful to
focus on evidence of a large number of consecutive flow supply shocks having the same sign (referred to
as a “run”). In the upper panel the longest run observed after December 2008 is seven months. Runs of
this length are not unprecedented. The longest run prior to December 2008, in fact, lasts nine months.
Thus runs in the flow supply shock data are neither particularly unusual nor do they necessarily imply that
market participants would have found it easy to anticipate these shocks. Rather their existence is
consistent with the view that the rapidly increasing growth rate of shale oil production continued to
surprise market participants more often than not. The corresponding shock sequence in the lower panel of
Figure 10, in contrast, exhibits one run lasting for fourteen months, which is considerably longer than the
longest run in the historical data, suggesting potential caution in interpreting results based on the latter

counterfactual, but is not long compared to runs found in other series of prediction errors in the literature
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or in other structural shock series within the same model. °

Figure 11 plots the Brent price of crude oil in U.S. dollars ( P*"*') along with the counterfactual

evolution of the Brent price (P ) based on these shock sequences. These estimates are obtained

based on counterfactual simulations of the log of the real price of oil in the global oil market model
discussed earlier, estimated on data until August 2015. The simulated oil price data have been suitably
adjusted for differences between the Brent price and the U.S. refiners’ acquisition cost for crude oil
imports. The Brent price of crude oil may be interpreted as a proxy for the global price of crude oil. The
left panel of Figure 11 shows that under the indirect measure of the counterfactual evolution of world oil
production the Brent price of oil would have been higher by as much as $5 in 2009, but most of the
cumulative effects of the fracking boom would have been observed between 2011 and mid-2014, with the

counterfactual price exceeding the actual Brent price by as much as $9 at times. Thereafter, the price
differential P _ paval hecomes negligible again. In contrast, under the direct measure of the

counterfactual evolution of world oil production the Brent price of oil would have been largely the same
as the actual price until late 2010, as shown in the right panel of Figure 11. Between 2011 and mid-2014,
the Brent price of oil would have been higher by as much as $10 in the absence of the U.S. fracking
boom, reaching $120 repeatedly and at some point even $130. Unlike in the first counterfactual, even in
2015, the Brent price would have been higher than actually observed price by as much as $5.

The order of magnitude of the estimated cumulative effects seems reasonable in light of historical
evidence on the effect of oil supply shocks. When the Iran-lraq War broke out in late 1980, about 4% of
world oil production was removed from the market, followed by approximately a 10% increase in the
price of crude oil. U.S. shale oil production amounts to an increase of about 4% in global crude oil
production, as shown in Kilian (2016), and hence would be expected to be associated with a fall in the

price of oil of about 10%, which amounts to about $10 per barrel.

® In a related context, Kilian and Hicks (2013) documented prediction errors in professional global real GDP growth
forecasts of the same sign for nearly five years during 2003-08. As long as such patterns average out in the long
run, they do not violate the premise of rational expectations.
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The estimates in Figure 11 also shed light on the extent to which the U.S. fracking boom caused
the decline in the global price of crude oil in late 2014 and early 2015. Both counterfactuals agree that in
the absence of the fracking boom this oil price decline would have occurred at the same time, as it did, but
that it would have started at a higher level. According to Figure 11, the cumulative decline in the Brent
price would have been $70 under both specifications of the counterfactual (and therefore would have been
$6 higher than in the actual data). Thus, there is no support for the view that U.S. fracking was the
primary cause of this specific oil price decline. This result complements the analysis in Baumeister and
Kilian (2016a) who were unable to pin down the quantitative role of fracking specifically, but who
provided evidence that a slowdown in the global demand for oil was a major contributor to this specific
oil price decline in addition to a mix of shocks to actual and/or expected global oil supplies prior to July
2014 and a shift in oil price expectations in July 2014. Figure 11 helps refine that interpretation. It also
complements the analysis of the cumulative impact of all global oil supply shocks combined in Figure 8,

based on the structural model of Kilian and Lee (2014).
The two upper panels of Figure 12 show the price differentials P _ p**2 ghtained from

Figure 11 under the two alternative counterfactuals. Figure 12 highlights two important differences. Only
the indirect measure implies a positive price differential during 2009 and early 2010, whereas only the
direct measure implies a positive price differential after late 2014. Which of these price differentials is
economically more plausible may be assessed based on the information in the bottom panel of Figure 12,
which shows the dollar spread between the Brent price and the West Texas Intermediate (WTI) price of
crude oil. Whereas the Brent price refers to the spot price of light sweet crude oil traded in London, UK,
the WTI price is the spot price of light sweet crude oil for delivery in Cushing, OK.

The spread in the bottom panel of Figure 12 conveys important information about when the
fracking boom began to affect the U.S. market for crude oil. The fact that the Brent-WTI spread only
widened in late 2010 suggests that the positive price differential during 2009 and early 2010 in the upper

panel cannot be attributed to the fracking boom, casting doubt on this counterfactual. As discussed in
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Kilian (2016), traditionally these crude oil prices have been closely tracking one another. This pattern
only changed when the U.S. tight oil boom created a glut of crude oil in the central United States, causing
WTI oil to trade at a discount relative to the global price for oil, as measured by the Brent price. We know
that the initial drop in the WTI price relative to the Brent price occurred because it proved impossible to
ship the crude oil arriving from the Bakken and other shale oil plays in large enough quantities from
Cushing to refiners elsewhere in the United States. There simply was not enough transportation capacity.
As a result, most U.S. refiners, including the refiners along the Gulf Coast and the East Coast, at this
point continued to rely on oil imports (see Kilian 2016). Nor were U.S. refiners able to take advantage of
the glut of oil in Cushing to increase exports of refined products. These transportation bottlenecks
loosened only gradually over time, as rail, barge and pipeline capacity increased. There are of course
shale oil plays such as Eagle Ford in Texas with easier access to refineries in the Houston area and
beyond, but production in Eagle Ford was negligible prior to 2011. Given that neither of two mechanisms
by which shale oil production affects the global price of oil were in operation at this point, it would be
unreasonable to expect shale oil production to have had a large effect on the global price of crude oil
before 2011. In short, the evolution of the Brent-WT] spread supports the conclusion that the price
differential in the second panel based on the direct measure of the counterfactual is a more accurate
approximation. The remainder of the analysis therefore focuses exclusively on the latter counterfactual.’
As outlined earlier, the price differential P<"*™® — P2 shown in Figure 12 may be used to
infer the losses in Saudi oil revenue, given the historically observed levels of Saudi oil production. The
upper panel of Figure 13 shows the evolution of the losses in Saudi oil revenue measured in billions of
U.S. dollars under the preferred counterfactual based on the direct measure of tight oil production. There

is evidence that the Saudi oil revenue losses were negligible initially, but gradually increased over time,

"It is important to stress that the Brent-WT] price differential does not by itself represent a proper counterfactual for
the global price of oil because an increase in tight oil production all else equal will have a larger effect on the U.S.
price of oil than on the global price. All we can say is that if there is no effect on the U.S. price of oil until late 2010,
then fracking is unlikely to have affected the global price before this point in time. The evolution of the Brent-WT]
spread between 2011 and 2014, in contrast, tells us little about the counterfactual for the global price because it
reflects in important part the evolution of transportation and refining bottlenecks in the United States (see Kilian
2016).
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reaching 2 billion dollar per month in late 2012 and peaking at 2.9 billion dollars per month in mid-2014,
before levelling off. Of course, this evidence does not speak to the overall loss of Saudi oil revenue
following the decline in the price of oil after June 2014, but only to the component of this loss caused by
the U.S. fracking boom. It should also be noted that the dip in Saudi oil revenue losses in January 2015
mirrors the temporary tightening of the Brent-WTI spread, adding credibility to this estimate.

A rough measure of the cumulative impact of the fracking boom on Saudi Arabia is obtained by
simply cumulating these losses. The cumulative decline in Saudi oil revenue between December 2008 and
August 2015 is 102.1 billion dollars. This amounts to an average loss per month of about 1.3 billion
dollars. The incremental Saudi oil revenue losses between July 2014, when the price of oil began to fall
precipitously, and August 2015 are 24.3 billion dollars. To put these estimates in perspective, the lower
panel of Figure 13 expresses the reduction in Saudi oil revenues caused by the fracking boom as a
percentage of the Saudi oil revenue in November 2008, when the Brent price of oil stood at $52.45. It is
important to be clear about the interpretation of this estimate. Figure 13 shows that in mid-2014, for
example, Saudi Arabia in the absence of the U.S. fracking boom would have earned 120% of the oil
revenue it generated in November 2008, if it had produced exactly as much oil as it actually did in mid-
2014. In other words, the plot does not measure the actual change in the oil revenue generated by the
Saudi economy, but rather the lost revenue relative to what Saudi Arabia would have earned if the United
States still relied on conventional crude oil production only.

It should be kept in mind that this estimate is only an approximation, first, because Saudi oil
exports that were diverted from the United States to Asian economies, for example, were not necessarily
priced based on the Brent benchmark, and, second, because my methodology abstracts not only from
changes in Saudi oil production, but also from any Saudi efforts to market its oil more aggressively. With
regard to the first point, my analysis assumes that the price of Saudi crude oil declined as much as the
price of Brent crude, allowing for differences in the level of these prices.

My analysis also abstracts from differences between Saudi exports of heavy and light crude oil.
The concern is not so much that Saudi Arabia could have substituted exports of heavy crude to the United
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States for its exports of light crude. This possibility seems unlikely because, as | showed, imports of
lower-priced Canadian heavy crudes increasingly substituted for U.S. imports of heavy crudes from other
sources, at the same time as shale oil production displaced U.S. imports of light sweet crude oil. Rather
the concern is that by applying the counterfactual price differential indiscriminately to Saudi production
of light and heavy crude oil, one overestimates the loss in oil revenue that can be attributed to shale oil
because shale oil competes with Saudi heavy crude oil only indirectly through U.S. exports of refined

products.

6. Concluding Remarks
Saudi Arabia’s strategy for dealing with the fracking boom so far has been to preserve its market share
and to avoid idle capacity (see, e.g., Fattouh and Sen 2015; Fattouh, Poudineh and Sen 2015). There is no
sign of Saud Arabia curtailing its oil production nor is it likely that such a strategy would help preserve
Saudi oil revenue (see Baumeister and Kilian 2016a). Instead, the Saudi government has dealt with the
decline in its oil revenue mainly by tapping its financial reserves, as predicted by standard models of
precautionary savings (see, e.g., Bems and de Carvalho Filho 2011). IMF data show a reduction in Saudi
net foreign asset holdings of near $90 billion between mid-2014 and August 2015. This estimate is
considerably larger than the loss in oil revenue over the same period that is attributable to the fracking
boom. The latter we estimated to be about $24 billion. In other words, the analysis in this article
tentatively suggests that in the absence of the fracking boom the reduction in Saudi foreign exchange
reserves since mid-2014 would have been about two thirds of the actual decline with the remainder
reflecting higher crude oil production elsewhere in the world, shifts in oil price expectations affecting the
demand for oil stocks, and the effects of a slowing global economy.

An important question is how long Saudi Arabia can sustain such losses in its foreign exchange
reserves. If the decline in Saudi foreign exchange reserves continues at the rate experienced between
January 2015 and January 2016, one would expect Saudi net foreign assets to be exhausted by early 2020.

Of course, this process would accelerate if the price of oil were to fall further or would slow if the price
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were to recover somewhat. There are two potential mitigating factors, however. First, unlike some of its
neighbors, Saudi Arabia has very little external debt because it resisted the temptation to leverage its
increased oil revenues during the 2003-08 oil price boom by running up external debt (see Tornell and
Lane 1998). As a result, for now, the Saudi government has been able to borrow in global financial
markets, given the expectation that the price of oil will ultimately recover. Second, the Saudi government
so far has been reluctant to impose fiscal retrenchment, because of the political costs of such measures,
but in December 2015 it announced a budget plan that envisions cuts in spending from $975 billion in
2015 to $840 billion in 2016 (representing a 14% drop in government spending). The finance ministry
also announced that it would raise taxes and adjust subsidies for water, electricity and petroleum products
over the next five years.

The central question for Saudi Arabia is to what extent it should rely on external borrowing and
to what extent it should cut fiscal spending. Economic theory tells us that it makes sense for Saudi Arabia
to borrow in response to a temporary fall in oil prices. If the decline in the price of oil were expected to be
permanent (or very persistent), in contrast, external borrowing would not be the appropriate response and
the adjustment instead would have to come from fiscal retrenchment. Thus, the answer to the question of
how much fiscal adjustment Saudi Arabia requires is ultimately determined by how long one expects low
oil prices to persist. How soon the price of oil is expected to recover depends in important part on why the
price of oil declined and how important these determinants will remain in the future (see Baumeister and
Kilian 2016b).

For example, to the extent that this price decline was caused by the U.S. fracking boom, the
question is how long this boom can persist at current prices with many commercial tight oil producers
already experiencing heavy operating losses, and how quickly these firms could resume tight oil
production at higher oil prices, if they were forced to close down. The same concern applies to
unconventional oil production in Canada. Even if the current low price of oil were to put shale oil
producers out of business, however, such an outcome might be short-lived. An obvious concern is that
shale oil production is likely to resume as soon as world oil prices recover sufficiently, making it
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impossible to permanently remove the shale oil competition for as long as there remains easily accessible
shale oil in the ground. At $60 per barrel, for example, many U.S. shale oil producers are likely to
generate profits, even if they do not at $40 per barrel. If we accept this reasoning, we should treat much of
the shale oil component of the Saudi foreign exchange losses as persistent and respond by cutting Saudi
fiscal spending rather than borrowing.

Of course, shale oil is only one reason for the ample supply of crude oil in world markets. To the
extent that other oil producers including Russia and Irag have expanded oil production in recent years, or,
as in the case of Iran, are about to do so, the question becomes one of how long state-controlled oil
producers with few other options to generate foreign exchange and no accountability to shareholders or
financial markets will put pressure on the price of oil. Countries such as Russia, for example, rely on oil
revenue both to finance their military ambitions and to sustain the domestic economy. There is no reason
to expect these countries to reduce their exports, except to the extent that inadequate investment limits
their ability to sustain high levels of production in the long run.

At present the only countervailing force on the supply side is that production in many other oil-
producing countries will continue to fall over time, as conventional fields are depleted. The United
Kingdom and Norway are good examples. Indeed, Table 1 documents that world oil production has not
grown nearly as fast, as might have been suggested by news reports about rising oil production in selected
countries. The simultaneous gradual decline in oil production elsewhere in the world has largely gone
unreported. Over time, however, one would expect these continued production declines to make room for
higher oil production in countries such as lIraqg, Iran, Saudi Arabia, Russia, or the United States. This
adjustment will be accelerated by worldwide cutbacks in investment in the oil industry. The problem from
Saudi Arabia’s point of view is that there is a good chance that this process may take longer than its
foreign exchange reserves will last.

To the extent that low oil prices reflect a sluggish global economy, as shown in Figure 8, the
question becomes at what point emerging Asia, Japan, and Europe, in particular, will recover. A swift
and sustained global economic recovery, unlikely as it may seem at this point, would quickly eliminate
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the current glut of crude oil. All indications are, however, that there remains considerable downside risk
in the global economy and that the global recovery, when it starts, is likely to be slow and gradual. Thus,
one would not expect the demand for oil to surge in the foreseeable future.

A final remedy may seem to be coordinated oil supply cuts, which helped alleviate the glut of
crude oil in 1998, when the price of oil dropped to $11 (see Kilian and Murphy 2014). That solution
seems unlikely in the current environment of low demand for oil, however, if we take the theory of cartels
as a guide. Qil cartels are inherently procylical and tend to fall apart during economic slumps (see Barsky
and Kilian 2002). Although there have been recent talks between Venezuela, Saudi Arabia, Russia and
other oil producers about coordinated supply restrictions, all indications are that these producers are more
likely to freeze recent high production levels than to agree on actual production cuts. Moreover, the
United States, Iran and Iraq are unlikely to feel bound by any such agreements, undermining any potential
agreements.

There is little doubt that the price of oil will recover in the longer run, but the question is whether
Saudi net foreign assets can sustain the Saudi economy until then. It is more than likely that the Saudi
economy could face another three or four lean years, at which point the precautionary savings in the Saudi
sovereign wealth fund would likely be exhausted, while the prospects of new external borrowing would
diminish. Already, the Saudi credit rating has been lowered. Thus, there appears to be no alternative to
some considerable measure of fiscal retrenchment in the foreseeable future. The same argument applies
even more forcefully to other Arab oil producers faced with more foreign debt and lower foreign
exchange reserves.

A natural starting point for such reforms would be for policymakers to reduce or even phase out
domestic subsidies on energy consumption. In fact, implementing such reforms is likely to be easier
politically in an environment of falling oil prices. The United Arab Emirates, for example, have already
successfully aligned their domestic fuel prices with prices in global markets. Many other Arab oil
producing countries have yet to implement similar reforms. Clearly, however, such reforms will not be
enough, given the magnitude of the oil revenue shortfall that has accumulated in recent years. There will
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have to be more fundamental changes to the welfare state in countries such as Saudi Arabia and
implementing these changes will be politically challenging. One problem is that many Arab oil producing
countries lack an income tax base. Taxing incomes of domestic citizens working in the public sector
would be the same effectively as lowering public wages and hence fiscal spending, leaving taxes on
foreign workers’ income as the only policy option for raising tax revenue. Thus, much of the fiscal
adjustment will have to occur on the expenditure side.

It seems safe to conclude that an extended period of low oil prices is likely to cause far-reaching
economic changes in Arab oil producing countries as well as changes in the social fabric, whether these
changes are implemented gradually in anticipation of growing financial constraints or are eventually
forced by external events. The obvious concern is that, if this transition is not managed well, geopolitical
risks in the Middle East, which have not played a large role since 1990, may become much more

important again, contributing to higher oil prices in the long run.
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Table 1. Changes in Crude Oil Production

2008.11-2015.9 2014.6-2015.9

Change in Average Change in Average

million percent million percent

Oil producers barrels/day change® barrels/day change®
World 6.17 1.16 2.76 2.63
Saudi Arabia 1.23 1.86 0.50 3.78
Other Persian Gulf 1.97 2.08 1.14 6.05
Iran -0.80 -3.13 0.15 3.49
Iraq 2.07 9.12 1.10 21.63
Kuwait 0.06 0.37 -0.10 -2.88
Qatar 0.36 3.90 -0.02 -0.78

UAE 0.25 1.39 0 0

Russia 0.79 1.17 0.06 0.41
Canada and United States 5.03 7.24 0.57 3.44
Canada 0.73 3.48 -0.14 -2.93
United States 4.30 8.89 0.71 5.91

Source: U.S. Energy Information Administration (2105), Monthly Energy Review.

Notes: 2008.11 marks the reversal in the long-term decline of U.S. oil production. 2014.6 marks the end
of a long period of relative price stability in the market of crude oil, before the recent collapse of the price
of crude oil (see Baumeister and Kilian 2016).

! at annualized rates
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Figure 1. Crude Oil Production Disaggregated
U.S. Shale Oil Production
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Figure 2. The U.S. Crude Oil Sector, 1973.1-2015.11
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Figure 3. Crude Oil Imports from Selected Countries as a Percent Share of U.S. Oil Use

Import Shares of Arab Oil Producers

100 18

=== Total imports
== |mports from OPEC
=== |mports from Arab OPEC (excl. Libya)

== Imports from Saudi Arabia

ool - __ = == |mports from Kuwait

e Imports from Algeria
| | === Imports from Iraq
|

T
I
I
I
I
16*:****
I
I
I
I

|
|
|
|
[T —_— H
|
|
|
|
|

Percent of U.S. Oil Use
Percent of U.S. Oil Use

0
1975 1980 1985 1990 1995 2000 2005 2010 2015

NOTES: The raw data are from U.S. Energy Information Administration (2015). The vertical line marks the reversal in the long-term decline of
U.S. oil production in November 2008.1t also coincides with the drop of the share of Saudi oil imports in the U.S. use of oil.

29



Figure 4. Export Losses of Arab Oil Producers Based on Counterfactual of a Constant U.S. Import Share after 2008.11
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NOTES: Based on data from U.S. Energy Information Administration (2015). The counterfactual involves assuming that the share of U.S. crude
oil imports from each country remains at its average value between November 2004 and November 2008 for the remainder of the sample. This
reference period is chosen to reduce the impact of past political events in some of these countries on their share.
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Figure 5. Quantifying the Displacement of Other Crude Oil Producers’ Exports Caused by U.S. Exports of Refined Products

U.S. Exports of Refined Products Crude Oil Equivalent of Exports Lost by Other Producers
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NOTES: Based on data from U.S. Energy Information Administration (2015). The vertical line marks the reversal in the long-term decline of U.S.
oil production in November 2008. The counterfactual is constructed by assuming that the share of U.S. exports of refined products in total use of
oil by the U.S. economy remains constant at its level in November 2008. The crude oil equivalent is computed by multiplying the shortfall of
exports computed in the left panel by 1.3548. This conversion factor is based on the fact that U.S. refineries in 2014 on average produced 12
gallons of diesel and 19 gallons of gasoline (for a total of 31 gallons of refined product) from 42 gallons (one barrel) of crude oil, according to the
EIA. The Canada effect refers to increased imports of crude oil from Canada in excess of the reduction of U.S. imports of crude oil from Mexico
and from Venezuela. To isolate U.S. exports of refined products made from domestic crude oil, this effect must be corrected for.
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Figure 6. Export Losses of Arab Oil Producers Based on Counterfactual of No U.S. Exports of
Refined Products Made from Shale Oil after 2008.11
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NOTES: The estimates are obtained by apportioning the crude oil equivalent in Figure 5 to each country according to the share of its crude oil
production in non-U.S. world crude oil production between 2004.9 and 2008.11. This reference period is chosen to reduce the impact of past
political events in some of these countries on their share.
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Figure 7. Direct and Indirect Crude Oil Export Losses Combined
Saudi Arabia
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NOTES: The estimates are obtained by summing the direct loss arising from the fact that the United States reduced its imports from Arab oil
producers given the increased availability of shale oil, as quantified in Figure 4, and the indirect loss arising from the loss Arab crude of oil export
markets, as U.S. refineries increase their exports of refined products, as quantified in Figure 6, including the adjustment for net gains in crude oil
imports from Canada, Mexico and Venezuela.
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Figure 8. Cumulative Effect of Oil Demand and Oil Supply Shocks on the Real Price of Oil
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NOTES: The underlying structural model is constructed as in Kilian and Lee (2014), except the estimation sample has been updated to August
2015. The real price of oil is expressed in percent deviations from the long-run average real price of crude oil. Each subplot shows the extent to
which the shock in question moved the real price of oil up or down since 2003. The vertical lines mark the beginning of the oil price decline of
2014-15.
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Figure 9. Alternative Counterfactuals for World Oil Production in the Absence of the U.S. Fracking Boom
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NOTES: The indirect counterfactual is based on the losses in crude oil exports of the rest of the world caused by a reduction in U.S. crude oil

imports and the expansion of U.S. exports of refined products, adjusted for the net increase in U.S. crude oil imports from Canada, Mexico, and

Venezuela

representing primarily an influx of heavy crudes unrelated to fracking. The direct counterfactual is derived on an estimate of the

change in U.S. shale oil production since 2008.11, as shown in the right panel of Figure 1.
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Figure 10. Sequence of Flow Supply Shocks Required to Implement the Alternative Counterfactuals in Figure 8

Indirect Measure

NOTES: Computations by the author based on the algorithm described in Appendix B. The vertical line marks the beginning of the counterfactual
in December 2008.
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Figure 11. The Impact of Shale Oil Production on the Brent Price of Crude Oil
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NOTES: The counterfactual path for the nominal Brent price of crude oil inferred from the two counterfactuals in Figure 9, as discussed in

Appendix B.

37



Figure 12. Brent Oil Price Differentials

Price Differential: Indirect Measure
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NOTES: The first two panels are based on computations of the author reflecting the counterfactual price paths for the Brent price in Figure 10. The
third panel shows the spread between the Brent and WTI price.
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Figure 13. Saudi Oil Revenue Losses Under the Direct Measure of the Counterfactual
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Billion US$

100

L ———_—_—_,,,,—"""S—"-—-__———||M—iu

60—~

40—

Percent

Y —————— R I

|

[

I

-20 ‘
2009 2010 2011 2012 2013 2014 2015

NOTES: The plot in the lower panel expresses the reduction in Saudi oil revenues caused by the fracking boom as a fraction of Saudi oil revenue
in November 2008, when the Brent price of oil stood at $52.45. For example, at its peak in 2014 the oil revenue loss amounted to 20% of the Saudi
oil revenue of November 2008.
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Appendix A: Responses of the Global Oil Market VAR Model Variables to Each of the Structural Shocks
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NOTES: The underlying model is constructed as in Kilian and Lee (2014), except the estimation sample has been updated to August 2015.
All responses but the inventory responses are expressed in percentages. The inventory responses are in million barrels.

40



Appendix B: Constructing the Oil Price Series under Counterfactual 2

Let y, =(Yy-Ya Yas Vi)' denote the vector of variables in the global oil market model of Kilian and
Murphy (2014), where y,, stands for the growth in world oil production and y,, for the log of the real
price of oil, in particular. Consider the structural VAR model

BoY: =B Yyt By, + W, (8]
where the 4x1 vector vy, is assumed to be stationary and the deterministic regressors have been
suppressed for expository purposes. The dimension of B,,i=0,...,24,is 4x4. The 4x1 vector of
structural shocks, w, = (w,,, w,,, W, ,w,,)’, where w, denotes a shock to the flow supply of crude oil, is
assumed to be white noise with a diagonal 4x4 variance-covariance matrix X, that is of full rank and

without loss of generality can be normalized to equal the identity matrix. This structural model can be

expressed in its reduced form as

Vi =AYyttt Ay, U, 2
where A =B;'B,,i=1,...,24, and u, = B;'w, with variance-covariance matrix X, = B;*(B;")’. Let the
4x 4 matrix dy,,; / ow, =@, denote the responses of the model variables to each of the structural shocks

at horizon i=0,1,..,H. The matrix ©; =[ 6, | consists of elements 6, ; =dy; ., / oW, that denote the

Jot+i
response of variable j to structural shock k at horizon i. These responses may be computed as

®, =JA'J'B;", where J =[I4 04x4(24_1)] and A denotes the matrix of slope parameters obtained by

expressing the VAR(24) reduced-form model in its VAR(1) companion format.
In constructing the counterfactual in question, we make use of the fact that after removing the

deterministic terms
Yy = ZGth—i'

As a result, the fitted value for the log real price of oil can be written as
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~ 4 (D
P =209 (3)
where ¥ denotes the cumulative contribution since the beginning of the sample of structural shock j to

the third model variable at time t, defined as

95? = : €3l,iwl,t—i J
%f) = : 932,iW2,t—i J
)A’ét?’) = :) 933,iW3,t—i J
)A/éf) = : 034,iW4,t—i'

Having simulated the posterior of the reduced-form model (2) obtained based on the full sample from
February 1973 to August 2015, we recover estimates of B;*, 6, ; and of w, =Byu,,t=1,..,T,as in Kilian
and Lee (2014) by selecting the posterior model with a short-run price elasticity of oil demand closest to
the benchmark estimate of -0.26 in the literature (see Kilian and Murphy 2014; Coglianese et al. 2016).

In constructing the counterfactual, we retain the realizations of the flow supply shock w,, up to
November 2008, but we replace the estimates of w,, for December 2008.12 through August 2015 by

counterfactual values chosen to ensure that the path of world oil production corresponds to the
counterfactual path shown in Figure 9. Given the suitably demeaned growth rate of world oil production

implied by this counterfactual, these values may be easily computed by an iterative procedure. Having
computed what the expected value of y, given §{”, j=2,3,4, would have been next month, if this

month’s supply shock had been zero, the difference between that model prediction and the target level of
oil production growth, scaled by the impact response of world oil production to a flow supply shock, will

be the magnitude of the flow supply shock, w,,, required to reach the growth target.
We then recompute S under the alternative sequence of flow supply shocks, w,,, while
0(2)

retaining the other three structural shock sequences as originally estimated in computing ¥, y& and

v, Given the implied sequence of ¥,,, the corresponding sequence P**"*™? js constructed from the
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real price of Brent crude oil, scaled up by the percent deviation between the counterfactual real price of

oil and the actual real price of oil in the model. The counterfactual real Brent price is converted back to

dollars using the U.S. consumer price index. The price differential P*"™* — p* for the remainder

of the sample is obtained by subtracting the actual dollar price of Brent crude oil, P***, from

P counterfactual
t .
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