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Abstract

The price of oil can rise because of a disruption to supply or an increase in demand. The nature
of the price change determines the dynamic effects. As Kilian (2009a) put it: “not all oil price
shocks are alike.” Using the latest available data, we extend Kilian’s analysis using the R ecosys-
tem and provide more evidence for Kilian’s conclusions. Inference based on unknown conditional
heteroskedasticity strengthens the conclusions. With the updated shocks, we assess how a local
economy responds to the global oil market, an application that is relevant to policymakers con-
cerned with the transition away from fossil fuels.
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1 Introduction

In a stylized model for the oil market, the price of oil depends on supply and demand. Price can go
up if demand shifts outward or supply shifts inward. Even though the nature of the shocks differs,
each causes the price of oil to rise. Surprisingly, as Kilian (20092a) points out, much theoretical, em-
pirical, and policy-oriented work focuses on the effects of oil-price fluctuations, ignoring the nature
of shocks. This risks flawed policy. Fluctuations in the price of oil are an amalgam of demand and
supply shocks. The dynamics generated by a demand shock differ from the dynamics generated
by a supply shock. At any point in time, the composition of shocks may be far from the average,
making correlations between the price of oil and US macroeconomic aggregates potentially mean-
ingless and uninformative for policymakers (Kilian, 2008, 2009a).

In brief, here is the main issue: Kilian (20092) establishes that the dynamic effects of an increase
in the price of oil depend on the nature of the increase—whether the increase was the result of a
disruption to supply or an increase in demand. The conclusions are based on a structural model
of the global market for oil estimated over the period February 1973 to December 2007. Do the
same conclusions hold using all available data? Are the results robust to inference that allows for
conditional heteroskedasticity?

Using data on oil production and price from the US Energy Information Administration and
data on global real economic activity available through FRED, we estimate the structural vector au-
toregressive model of the global crude-oil market proposed by Kilian (2009a). The updated results
provide further evidence that Kilian’s (20092a) conclusions hold. In addition, a procedure that ac-
counts for conditional heteroskedasticity of unknown form in the VAR model, indicates that Kilian’s
conclusions are even stronger than initially stated (Briiggemann et al., 2016; Kilian & Liitkepohl,
2017).

The structural VAR model disentangles supply shocks from demand shocks in the global crude-
oil market. In the model, supply comprises global oil production and demand comprises two com-
ponents: (i) a component that reflects the global business cycle and (ii) a component that reflects
oil-specific demand (buyers concerned about availability in the future will buy out of precaution,
for example [Alquist & Kilian, 2010]).  This allows Kilian (2009a) to show how each shock sep-
arately determines fluctuations in the real price of crude oil. Moreover, how real Gross Domestic
Product responds to an unanticipated increase in the price of oil depends on the nature of the shock.
The same conclusion applies to the Consumer Price Index. Kilian’s results explain the macroeco-
nomic implications of oil-price fluctuations.

In a different direction, we use the updated series of structural shocks to learn about another
important policy question: how does a local labor market respond to these shocks? The question
is of interest to policymakers in California. California has adopted the goal of carbon neutrality by
2045 or earlier (CARB, 2022). In Kern County, which accounts for 70 percent of California’s oil pro-
duction, there is concern about potential job loss and lost tax revenue as the economy transitions
away from fossil fuels. Yet, given the complex linkages between oil extraction and the rest of the
economy, Kern’s dependence on oil is hard to assess (Golding & Kilian, 2022, describe one complex
link). We document how Kern’s labor market responds to identified shocks in the global market
for oil. And we find that the response depends on the nature of the shock. Kern’s dependence
on oil suggests that economic forces will restructure the composition of regional economic activity
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along the path to net-zero emissions by 2045. Past structural changes, like the transition away from
coal, do not augur well for displaced workers and regions (CEA, 2024). The evidence suggests that
policymakers may need to consider expanding options in Kern through, for example, place-based
policy.! The exercise shows how Kilian’s (2009a) pioneering methods and conclusions apply more
generally.

Questions about how oil affects the US economy are not fully answered. Further research will
benefit from other contributions of our replication. We port Kilian’s original MATLAB code to R.
Some researchers may prefer to work in R as the R ecosystem makes tidying data easier. (Our code
embraces the tidyverse.) We use the targets package to ensure replicability. The targets
package provides Make-like tools that automatically make any necessary changes to dependencies
when any change is registered. In addition, we retrieve data from the US Energy Information Ad-
ministration and FRED using code, which makes estimating the most recent structural shocks as
straightforward as rerunning the code. These resources will make addressing questions easier in
the ongoing debate about the effects oil-price shocks have on the US economy.?

We present a replication of Kilian’s (2009a) results in section 2. We conclude that Kilian (2009a)
should be praised and thanked for writing and sharing code that makes reproducing results straight-
forward (Kilian, 2009b). Using the posted data and our code, we are able to exactly replicate Kil-
ian’s (2009a) results.

The replication comprises a description of the data (section 2), a specification of the structural
VAR model (section 2.1), a presentation of the estimated impulse response functions (section 2.2), a
decomposition of the real price of oil into identified components (section 2.3), and a second-stage
analysis of how US real GDP and the Consumer Price Index respond to the identified structural
shocks. In section 3, building upon an analysis undertaken by Kilian & Liitkepohl (2017), we
strengthen Kilian’s (2009a) conclusions by estimating the structural VAR model using data from
February 1974 to January 2025 and constructing confidence intervals for impulse responses that are
robust to arbitrary forms of conditional heteroskedasticity. To demonstrate the wider applicability
of the results, in section 4, we analyze how the global oil market affects outcomes in a local labor
market.

2 Replication

Kilian’s (2009a) pioneering model of the global crude-oil market specifies three determinants. The
methodology separates a single supply shock from two demand shocks. The oil-supply shock re-
flects unexpected disruptions to crude-oil availability. The aggregate-demand shock reflects the
consensus that shifts in global real economic activity shift current demand for crude oil (Kilian &
Zhou, 2018). And the precautionary-demand shock reflects how demand may shift based on un-
certainty about future unavailability of oil. Alquist & Kilian (2010) make this point, among others,
in an economy that receives a random endowment of oil each period. They show that an increase

IWhat will happen in California as 2045 approaches is impossible to know with certainty. In particular, a backward-
looking structural VAR model will not be a good predictor of abrupt change. Instead, we view Kern’s responses to identified
structural innovations as suggestive evidence that the Kern economy depends on oil.

2An introduction to Make is provided by Jests Fernandez-Villaverde in lecture notes titled “Computational Methods for
Economists,” which are available at https://www.sas.upenn.edu/~Jjesusfv/teaching.html
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in the risk of future availability of oil raises current demand.

Three variables compose Kilian’s (2009a) vector autoregressive model of the global crude-oil
market: (i) the log difference of global crude-oil production, (ii) a measure of cyclical variation
in global real economic activity, and (iii) the log of the real price of oil. Data on global crude-oil
production are available from the US Energy Information Administration (EIA). Kilian’s (2009a)
measure of cyclical variation in global real economic activity is made available by the Federal Re-
serve Bank of Dallas through the FRED database. Kilian (2019) reviews the index and corrects an
error that was made when the original series was constructed. The real price of oil is constructed
by deflating US refiners’ acquisition cost of imported crude oil (available from the EIA) by the Con-
sumer Price Index for All Urban Consumers. Some details about the series and how we accessed
them are included in an appendix in section A.1.2

2.1 The structural VAR model

To be precise about how the determinants of the global market for crude oil are related, consider
a VAR model for y, = (Aoil production, real activity, real price of oil)’. The structural VAR represen-
tation is

Boy: =B+ Biyi-1+ -+ Bagyr-oa + &, (D

where the B; are 3 x 3 parameter matrices and &; ~ (0,X.); that is, &; denotes a vector of serially
and mutually uncorrelated innovations. The covariance matrix X, is diagonal. The corresponding
reduced-form model is

Ve=a@+Ary, 1+ +Axgyoa + &, 2

where A; = Bj IB; and ¢ = By le; ~ (0,%,) is a martingale-difference sequence with positive-
definite covariance matrix £, = (B;!) 2, (B;!)". Going between the structural model in (1) and
the reduced-form model in (2) requires an estimate of B L. Short-run identifying restrictions make
estimating this term straightforward.

The recursive structure for B;' implies that the reduced-form error ¢, can be decomposed as

Aoil production oil suppl
€ P b1y 0 0 & pply
€ = Etreal activity = by by 0 8taggregate demand ) 3)
Ereal price of oil bs1 b3y b33 8011-spec1ﬁc demand

t t

Within the system of three equations, the first equation indicates that the stochastic short-run supply
curve is vertical. In other words, oil production does not respond to innovations in demand within
the month. The maintained assumption is that decisions about oil supply are based on medium-run
expectations and, because adjusting supply is costly, short-run demand innovations are postulated
to have a negligible affect on medium-run expectations. Evidently, the model allows energy prices
to respond to all past information. There are two demand shocks and each is identified by delay
restrictions. The short-run demand curve is downward sloping and can be shifted by innovations to

3The appendix also reports a sensitivity analysis, in which we replace Kilian’s (20092a) index with the monthly growth
rate of OECD+6 industrial production, which is an index of industrial production for OECD (Organization for Economic
Co-operation and Development) countries and six non-member countries (Brazil, China, India, Indonesia, the Russian Fed-
eration, and South Africa). Further discussion is provided in the appendix.
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aggregate demand and innovations to oil-specific demand, such as precautionary-demand innova-
tions (Alquist & Kilian, 2010). The delay restriction is that oil-specific demand shocks do not affect
global real economic activity as measured by fluctuations in shipping rates relative to trend. These
postulations are further discussed by Kilian (2008) and Kilian (2009a).

In (3), B;! is lower triangular. A lower-triangular Cholesky decomposition can therefore be

used to decompose the estimate for X, starting from the reduced-form estimates of the model in
(2). Uncovering the structural shocks is possible using the estimated relationships in (3).

Inference is based on the wild bootstrap discussed by Goncalves & Kilian (2004) with 1,000
replications. Kilian (2009a) uses 2,000 replications but the results are similar. The wild bootstrap
allows for conditional heteroskedasticity of unknown form. But the asymptotic validity of the wild
bootstrap is for the reduced-form impulse responses and not the asymptotic distribution of the
error—covariance matrix. This feature is shown by Briiggemann et al. (2016) and discussed by Kil-
ian & Liitkepohl (2017). In section 3, we follow Kilian & Liitkepohl (2017) and adopt the inference
procedures proposed by Briiggemann et al. (2016) to investigate whether the larger confidence
intervals matter in practice.

2.2 How global oil production, real economic activity, and the real price of oil re-
spond to demand and supply shocks in the crude-oil market

The structural impulse responses define the responses of elements of y, to one-time impulses in &;.
Figure 1 shows how global oil production, real economic activity, and the real price of oil respond
to one-standard deviation structural innovations. The innovations are normalized so that each in-
novation will tend to raise the price of oil or, put differently and slightly imprecisely, figure 1 shows
the effects of negative supply shocks and positive demand shocks. Figure 1 is comparable to figure
3 in Kilian (2009a).

Figure 1 uses data provided by Kilian (2009b). The data start in February 1973 and end in
December 2007. The goal of figure 1 is to assess whether the R code written for the replication
yields similar results to the MATLAB code that produces the original graphics.

Figure 1 confirms that the two sets of code produce identical results. The solid, blue lines show
the point estimates of the structural impulse responses. They match those produced by the code
provided by Kilian (2009a) exactly. Kilian’s (2009a) original estimates are shown using red, dotted
lines. These overlay the solid, blue lines, which produces a striped effect. The shaded areas depict
the two-standard-error bands constructed by the wild bootstrap. The dotted, red lines show those
produced by the original code. Again, there is overwhelming overlap, which gives confidence that
the two sets of codes are working.

Figure 2 uses our code base and our data over the period that overlaps the original sample
period. There are three differences to keep in mind when comparing figure 1 to figure 2. First,
for the analysis in figure 2, all the data were retrieved by our code from the sources listed in the
text. Second, the updated data on production start in February 1974. Third, the data on global
real economic activity have been corrected (Kilian, 2019). Notwithstanding these differences, the
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Figure 1: Responses to one-standard-deviation structural shocks (based on original data)

Solid lines show the point estimates and the shaded regions show two-standard-error bands. Estimates are based

on the structural VAR model in (1), using the original data (Kilian, 2009b) (February 1973-December 2007). Confidence
intervals were constructed using a recursive-design wild bootstrap. Dotted lines show the point estimates and two-standard-
error bands produced by Kilian’s (2009a) code. The striped effect indicates the two sets of point estimates coincide.
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patterns are strikingly similar.
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Figure 2: Responses of one-standard-deviation structural shocks (based on updated data)

Note: Solid lines show the point estimates and the shaded regions show one- and two-standard-error bands. Estimates are
based on the structural VAR model in (1), using the updated data (February 1974-December 2007). Confidence intervals
were constructed using a recursive-design wild bootstrap.

An unexpected disruption to oil supply causes an immediate decline in oil production. The de-
cline is partially reversed within the first 5 months, and “this pattern is consistent with the view that
oil supply contractions in one region tend to trigger production increases elsewhere in the world”
(Kilian, 2009a, 1061-1062). The fall in production causes a rise in the price of oil, but the rise is not
overwhelmingly statistically significant. In figure 2, the disruption has little effect on real economic
activity, which differs slightly from Kilian’s (2009a) observation that a supply disruption “causes a
small temporary reduction of real economic activity that is partially statistically significant” (1,062).

Turning to the second row of figure 2, the effect of an unanticipated rise in aggregate demand
causes oil production to rise about 6 months after the shock. The expansion lasts until 15 months
after the shock. The unanticipated rise in aggregate demand causes a significant rise in global real
economic activity. The effect is persistent. Expansions in real economic activity cause a significant
rise in the real price of oil. The real price of oil rises on impact (although not statistically signifi-
cantly) and the rise continues for a year.

The third row of figure 2 shows the effects of an unanticipated rise in oil-specific demand. An
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unanticipated rise causes oil production to briefly fall, but over the 15-month horizon, oil-specific-
demand increases do not cause oil production to change much. Real economic activity in response
to the unanticipated rise in oil-specific demand expands—albeit modestly, if at all. What is most
clear, though, is that the unanticipated rise in oil-specific demand causes the real price of oil to
jump upward immediately and continue to rise for a few months, which is consistent with models
of precautionary demand. Within this class of models, this overshooting feature is discussed by
Kilian (2009a) and Alquist & Kilian (2010, figure 3b, 561). Finally, the rise in the real price of oil is
highly statistically significant.

Our results are entirely consistent with the results in Kilian (2009a).

2.3 The cumulative effect of oil demand and oil supply shocks on the real price of oil

How much each structural shock explains of the historically observed price of crude oil can be as-
sessed through a historical decomposition of the covariance-stationary VAR model. The historical
decomposition decomposes y, into structural innovations through its moving-average representa-
tion. It attributes the cumulative effect of the structural innovations in oil production, real economic
activity, and oil-specific demand to the real price of oil at each point in time (Kilian & Liitkepohl,
2017).

Figure 3 shows the cumulative contribution of oil-supply, aggregate-demand, and oil-specific-
demand shocks to the real price of oil in separate panels. Each panel shows 4 lines. The top
panel shows the cumulative effect of oil-supply shocks. The solid, purple line is generated from the
original code and original data. The dashed, beige line is generated by using the replication code
together with the original data. The two series are numerically equal, which can be seen by the
striped pattern, the effect of the two series overlapping. The dot-dashed, orange line is generated
by using our replication code and the updated data through December 2007. The dotted, pink line
is generated by using the replication code and updated data through January 2025.

The top panel of figure 3 shows that “oil supply shocks historically have made comparatively
small contributions to the price of oil” (Kilian, 2009a, 1062).

The middle panel of figure 3 shows that aggregate-demand shocks cause prolonged and per-
sistent changes in the price of oil. The bottom panel of figure 3 shows that shocks to oil-specific
demand are responsible for the fluctuations in the price of oil. As Kilian (2009a) points out, this
statistical understanding of crude-oil prices is inconsistent with narrative hypotheses about supply
disruptions in the Middle East. There may be supply disruptions, but the disruptions affect firms
that purchase oil, fearing further supply disruptions. These precautionary-demand motives cause
the price of oil to fluctuate.

Figure 3 is directly comparable to Kilian’s (2009a) figure 4. The conclusions drawn from both
figures agree. Therefore, going forward results will be shown for estimates produced using the full
sample.
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Cumulative effect of oil supply shock on real price of oil
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Figure 3: Historical decomposition of the real price of oil

Note: Top, how much oil-supply shocks explain of the historically observed fluctuations in the real price of crude oil; middle,
how much aggregate-demand shocks explain of the historically observed fluctuations in the real price of crude oil; bottom,
how much oil-specific-demand shocks explain of the historically observed fluctuations in the real price of crude oil. Estimates
are based on the structural VAR model in (1). The solid, purple line is generated by the original code and data. The dashed,
beige line, which lies on top of the purple line, is generated by the replication code and the original data. The dot-dashed,

orange line is generated by the replication code using data from February 1974 to December 2007. The dotted, pink line is
generated by the replication code using data through January 2025.
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2.4 Demand and supply shocks in the global oil market affect the US economy in
different ways

How does the global market for oil affect economic activity in the United States? Having identified
the structural innovations using the model in 1, it is possible to relate the innovations to US statis-
tics like the inflation rate measured by the Consumer Price Index (CPI) and the growth rate of real
gross domestic product (GDP).

Because data on real GDP are available at a quarterly frequency, the structural shocks are aver-
aged by quarter. Let / j+ be the jth structural shock in period ¢, where t now indexes quarter and
j € {oil supply, aggregate demand, oil-specific demand}. Put differently, £ ¢ is the quarterly aver-
age of the monthly values é;,, where 7 is a month within quarter ¢. Kilian (20092a) formalizes the
relationship between the structural innovations and US economic activity by running regressions of
the form

12
Zt ij+z¢ji§jt—i+ujt, 4
i=0

where z, is either the quarterly growth rate of real GDP or the quarterly inflation rate and u, is a
potentially serially correlated error. As Kilian (2009a) notes, the term ¢;;, in the regression model
is the impulse response at horizon 4 of z to structural innovation ;.

The possibility for serial correlation in (4) is accounted for by constructing confidence intervals
using a block-bootstrap procedure. The results presented here use a block length of 6 quarters,
whereas Kilian (2009a) uses 4 quarters.

Figure 4 shows how the level of US real GDP and the level of the CPI respond to the structural
shocks. The solid, gray lines show impulse responses estimated using the original data and the
replication code. The associated two-standard-error bands are shaded in green. The impulse re-
sponses estimated using Kilian’s (2009a) code agree exactly, which produces a striped effect. The
dotted, blue lines show the upper and lower ends of the confidence intervals using Kilian’s (2009a)
code. These estimates produce slightly narrower confidence intervals, likely due to the fact that the
block length used to produce the shaded region is two quarters longer. Nevertheless, the difference
is minor. Figure 4 is directly comparable to Kilian’s (2009a) figure 5.

Figure 5 updates figure 4. To do this, data from February 1974 to January 2025 are first used
to estimate the structural VAR model. Then the associated monthly series of structural shocks are
averaged by quarter to produce the quarterly averages used in the second-stage regressions in (4).

Figure 5 shows that similar patterns emerge when the series for real economic activity is cor-
rected and the latest data are used to construct estimates. An unanticipated oil-supply disruption
lowers real GDP on impact. The effect is statistically significant when using the one-standard-error
bands for up to nearly three years. The unanticipated oil-supply disruption causes the CPI to in-
crease for nearly 9 quarters. The effect is statistically significant using the one-standard-error bands.
Only after 9 quarters does the price level start to decline.

Turning to the second row of figure 5, an unanticipated expansion in aggregate demand causes
real GDP to increase on impact, although the effect is marginally statistically significant. After 5

10



Journal of Comments and Replications in Economics - JCRE

Crude-—oil supply shock Crude-oil supply shock

Real GDP
CPI

Quarters Quarters
Aggregate—demand shock Aggregate—demand shock
20

Real GDP

0 2 4 6 8 10 12
Quarters Quarters
Oil-market-specific demand shock Oil-market-specific demand shock

Real GDP

Quarters Quarters

Figure 4: Responses of US real GDP and the CPI to identified structural shocks (based on original
data)

Note: Clockwise from top right, cumulative response of the price level to an unanticipated disruption in crude-oil supply;
cumulative response of the price level to an unanticipated increase in aggregate demand; cumulative response of the price
level to an unanticipated increase in oil-specific demand; cumulative response of real GDP to an unanticipated increase
in oil-specific demand; cumulative response of real GDP to an unanticipated increase in aggregate demand; cumulative
response of real GDP to an unanticipated disruption in crude-oil supply. Solid lines are based on the point estimates from
the model in (4). Shaded areas show two-standard-error bands constructed using a block bootstrap procedure. Dotted lines
show the point estimates and two-standard error bands produced by Kilian’s (2009a) code. All statistics in the figure are
based on the original data (Kilian, 2009b).
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Figure 5: Responses of US real GDP and the CPI to identified structural shocks

Note: Clockwise from top right, cumulative response of the price level to an unanticipated disruption in crude-oil supply;
cumulative response of the price level to an unanticipated increase in aggregate demand; cumulative response of the price
level to an unanticipated increase in oil-specific demand; cumulative response of real GDP to an unanticipated increase
in oil-specific demand; cumulative response of real GDP to an unanticipated increase in aggregate demand; cumulative
response of real GDP to an unanticipated disruption in crude-oil supply. Solid lines are based on the point estimates from
the model in (4). Shaded areas show one- and two-standard-error bands constructed using a block bootstrap procedure.
The estimated structural shocks used to produce the responses are based on data from February 1974 to January 2025.
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quarters, real GDP falls below its initial level. The same unanticipated expansion causes the price
level to rise for the first 7 quarters after the shock. The response is statistically significant using the
one-standard-error bands. This pattern is consistent with the increase in global aggregate demand
causing an initial increase in US growth, but the growth is eventually hampered by higher prices
of global commodities, including the price of oil, causing real GDP to fall. Kilian (20092a) provides
further discussion.

The third row of figure 5 shows that an unanticipated increase in oil-specific demand causes
real GDP and the price level to rise. The increase in the price level is highly statistically significant.
Eventually the higher prices cause real GDP to fall. Again, Kilian (20092) provides further discus-
sion.

In summary, we are able to replicate Kilian’s (2009a) substantive results. Patterns uncovered
by the historical decomposition and the second-stage impulse response functions hold using data
updated through January 2025.

3 Updated responses of oil production, real economic activity, and the real price of
oil to demand and supply shocks

Section 2.3 provides evidence that conclusions about the determinants of the real price of crude
oil apply through January 2025; namely, disruptions to oil supply contribute little to fluctuations
in price, whereas oil-specific demand shocks are responsible for the ups and downs and aggregate-
demand shocks cause “long swings” in price (Kilian, 2009a, 1062). Section 2.4 provides evidence
that the US economy responds similarly to changes in the oil market over the later period.

In this section we use updated data to estimate the impulse response functions. We follow Kilian
& Liitkepohl (2017) and construct confidence intervals using the moving-block-bootstrap procedure
introduced by Briiggemann et al. (2016). Kilian & Liitkepohl (2017, pp 415-416) use this proce-
dure to assess Kilian’s (2009a) conclusions. (We are doing nothing new—we are using the same
inference procedures, only inference is being carried out over a different sample period.) Briigge-
mann et al’s (2016) recursive-design residual-block-bootstrap procedure is robust to conditional
heteroskedasticity. In addition, the procedure is designed to replicate the asymptotic distribution
of both the slope parameters and the variance-covariance matrix. In effect, the wild bootstrap
“produces confidence intervals that are too narrow and have coverage accuracy that is too low
asymptotically” (Kilian & Liitkepohl, 2017, 346-347). An excellent discussion of the issue is pro-
vided by Kilian & Liitkepohl (2017). To implement the moving-block bootstrap procedure, a block
length of 36 months is chosen.

Figure 6 shows the responses of production, real economic activity, and the real price of oil to
one-standard-deviation structural innovations. When comparing figure 6 to figure 2, there are three
differences to keep in mind. First, the structural VAR model in (1) is estimated using data retrieved
by our code from the sources listed in the text. Second, the data cover the period February 1974 to
January 2025. Third, the confidence intervals are constructed using the procedure introduced by
Briiggemann et al. (2016). Nevertheless, results are remarkably similar. An unexpected disruption
to oil supply causes an immediate decline in oil production and the decline persists. The unexpected
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fall in oil production initially has no effect on bulk-dry-cargo shipping rates relative to trend, but
this measure of real economic activity picks up after 4 months. The rise could reflect higher fuel
costs or expected higher fuel costs (relative to the US consumer price index, which is used to deflate
the series). For example, the next panel shows that the unexpected disruption to supply causes an
even more pronounced rise in the price of oil. The rise in the price of oil is statistically significant
at all horizons based on the one-standard-error bands.

Oil supply shock Oil supply shock Oil supply shock

o
S

@

S)

Oil production
1
5
Real activity
o N
o (5
Real price of oil
N

|
)
2

IS

|
s
w

=]

5 10 15 0 5 10 15 0 5 10 15

o

Aggregate demand shock Aggregate demand shock Aggregate demand shock

0.6

N
S
o

o

Oil production
o o
o N
|
[
Real activity
Real price of oil
N B

o
o

5 10 15 5 10 15

o
o

0 5 10 15

Oil-specific demand shock Oil-specific demand shock Oil-specific demand shock

-
I

o
3
a

@

~

Oil production
o o
5 8
Real activity
o
1
|
Real price of oil
=<

o
o
3
I
o
o

o

5 10 15 5 10 15 5 10 15
Months Months Months

o
o

Figure 6: Responses to one-standard-deviation structural shocks

Note: Solid lines show the point estimates and the shaded regions show one- and two-standard-error bands. Estimates
are based on the structural VAR model in (1), using the updated data (February 1974-January 2025). Confidence intervals
were constructed using a residual block bootstrap procedure (Briiggemann et al., 2016).

Turning to the second row of figure 6, over the entire sample, oil production seems to respond
more immediately to an unanticipated increase in aggregate demand, although a months-long de-
lay remains. The unanticipated rise in aggregate demand causes a large, significant jump in global
real economic activity, but the effect is less persistent compared to the effect estimated over only
the earlier period. And, compared to only the earlier period, there is a more pronounced rise in the
real price of oil in response to an unanticipated increase in aggregate demand. Nevertheless, the
patterns are overwhelmingly consistent with Kilian’s (2009a) substantive conclusions.

The bottom row of figure 6 shows that an unanticipated rise in oil-specific demand causes an

immediate rise in the real price of oil. Again there is evidence of a precautionary-demand motive.
Like over the earlier period, the unanticipated rise in oil-specific demand is also associated with an
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increase in real economic activity and a rise in oil production. Perhaps, unlike in the earlier period,
oil production responds more to surprises in oil-specific demand, although there is a delay of two
months and the effect is significant using the one-standard-error bands only.

In summary, the substantive conclusions of Kilian (20092a) hold when all available data are used
and confidence sets are constructed using a method robust to potential conditional heteroskedas-

ticity.
4 Application to the clean-energy transition

Much previous interest has centered around the role that oil-supply and -demand shocks have on
macroeconomic outcomes (for example, Kilian, 2008, 2009a, looked at macroeconomic outcomes
in response to oil-demand and oil-supply shocks). Another compelling reason to study these types
of shocks is understanding how local economies depend on oil.

Certain local economies may be especially hard hit as the US transitions away from fossil fuels
to sources of clean energy. Previous structural transitions—such as the transition away from coal
and the transition to work in the United States being replaced by machines and jobs elsewhere—
are causes for concern. Workers displaced from jobs that are no longer performed are especially
hard-hit. And concern extends to the communities in which these workers live (Hanson, 2022).4

In California, policymakers have adopted the goal of carbon neutrality by 2045 or earlier (CARB,
2022). Within California, Kern County accounts for 70 percent of all oil produced. As California
transitions away from oil, major concerns for Kern include lost jobs and lost tax revenue. Many
workers there are primarily engaged in the exploration, development, and production of oil. In ad-
dition, the assessed value of oil-field properties fluctuates with factors primarily outside the control
of Kern policymakers (Espinoza, 2024). In particular, fluctuations in oil futures prices determine
valuations used to assess property taxes. Despite efforts by Kern policymakers to smooth the ups
and downs, shocks from the global oil market may propagate to other sectors.

Linkages between labor-market outcomes in oil-producing counties and the oil market have
been investigated previously. Michieka & Gearhart (2019, 2021) investigate relationships between
nominal regional oil prices and (i) employment and (ii) nominal wages in oil-producing counties.
The dynamic-panel models they use are based on the idea that along with the number of time peri-
ods getting large, the number of cross-sectional groups is also relatively large. A common “long-run
relationship” between regional oil prices and other variables is posited to exist across counties.

4The forces that restructure the composition of economic activity and the consequences of these forces are not fully
understood. Job loss in the coal industry is discussed by Weber (2020). Between 2011 and 2016, the number of people
working in mines declined by 45 percent. Each lost coal-mining job lowered county-level income by $100,000 annually.
Retirement of coal-fired power plants in the United States is discussed by Davis et al. (2022) and the negative effects on
workers of shutting down coal-fired power plants are discussed by Hanson (2022); Colmer et al. (2024). Work being auto-
mated is discussed by Acemoglu & Autor (2011); Acemoglu & Restrepo (2020, 2022). World trade and China’s participation
in world trade is discussed by Autor et al. (2021, 2016). The change in composition associated with the hollowing out of
middle-pay jobs and when this reallocation takes place over the business cycle is discussed by Autor & Dorn (2013); Foote
& Ryan (2014); Howes (2022). Herrendorf et al. (2014) provide a framework for structural change within the tradition of
economic growth (see also Ngai & Pissarides, 2007). Within this framework, Rogerson (2015) provides a way to think about
evaluating environmental regulation.
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Importantly, they focused on the causal short- and long-run effects of oil prices (consistent with
the econometric specification here that assumes oil prices are exogenous with respect to outcomes
in Kern). In contrast, we are interested in the impulse response functions, which trace out the
responses of labor-market outcomes in Kern to one-time structural innovations in the global oil
market. We are also interested in the labor-market dynamics associated with a disruption to supply
and a shift in demand, including whether the shift represents a structural innovation to global real
economic activity or precautionary demand.®

It is nearly impossible to definitively state how much of Kern’s economy depends on oil. Yet,
one way to understand the linkages between Kern and the global market for oil is by assessing how
Kern’s labor market responds to structural innovations identified by the statistical model in (1),
using the second-stage methodology proposed by Kilian (2009a). Specifically, we regress seasonally
adjusted labor-market statistics on lags of the estimated structural shocks:

12
ki =K+ ) Wiidji+ e, 5)
i=0

where k, is either the unemployment rate or the monthly growth rate of employment in Kern
County, California, é;, refers to the estimated residual in (1) for the jth structural shock in month
t, and e;; is a potentially serially correlated error. The coefficient y;, is the impulse response at
horizon h of series k to structural innovation j. Inference is based on a block-bootstrap procedure,
where the block length is chosen to be half a year.

Data on the level of employment and the unemployment rate in Kern County, California, are
available from the Local Area Unemployment Statistics program of the Bureau of Labor Statistics
starting in January 1990. The data extend through January 2025. Both series are retrieved from
FRED and seasonally adjusted using the US Census Bureau’s X-13ARIMA-SETS procedure.

Figure 7 shows the estimated coefficients. The solid, beige lines show the impulse-response
coefficients. The shaded areas show the one- and two-standard-error bands. Because employment
is entered into the statistical model as the change in log employment, we sum the estimated coeffi-
cients from (5) to estimate the cumulative response of employment.

The top, left panel shows that, upon impact, an unanticipated disruption in oil production
causes employment to rise. This evidence is consistent with the idea that “oil supply contractions
in one region tend to trigger production increases elsewhere in the world” (Kilian, 2009a, 1060—
1062). The evidence is also consistent with the notion that an increase in the price of oil represents
a windfall boost to income from the perspective of some in Kern’s economy. The windfall may
propagate throughout the local economy. Employment rises and, turning to the top, right panel,
expanded opportunities increase participation in the labor market, as the unemployment rate rises.
The effect on the unemployment rate, however, is not statistically significant based on the one- and
two-standard-error bands.

5Michieka & Gearhart (2015) posit a cointegrating relationship between the nominal price of oil and employment in Kern
County and estimate a vector error correction model. The rationale for imposing the cointegrating relationship is statistical
rather than economic, which is one reason to examine the sensitivity to this modeling assumption. Michieka & Gearhart
(2015) do not investigate impulse responses, which is our interest.
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Figure 7: Responses of employment and the unemployment rate in Kern County, California, to
identified structural shocks

Note: Clockwise from top right, response of the unemployment rate to an unanticipated disruption in oil supply; response of
the unemployment rate to an unanticipated increase in aggregate demand; response of the unemployment rate to an unan-
ticipated increase in oil-specific demand; cumulative response of employment to an unanticipated increase in oil-specific
demand; cumulative response of employment to an unanticipated increase in aggregate demand; cumulative response of
employment to an unanticipated disruption in oil supply. Solid lines are based on the point estimates from the model in
(5). Shaded areas show one- and two-standard-error bands constructed using a block bootstrap procedure. The estimated
structural shocks used to produce the responses are based on data from February 1974 to January 2025. The regressions

that use Kern’s unemployment rate begin in January 1990 and extend through January 2025. The regressions that use the
change in employment begin one month later.
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In contrast, an unanticipated one-standard-deviation increase in aggregate demand causes the
unemployment rate to fall on impact. The effect is statistically significant after 2 months based on
the two-standard-error bands. The effect on employment, however, is less pronounced. On impact
the effect cannot be distinguished from zero. And while employment expands after two months,
the effect is statistically significant based on one-standard-error bands only. These conclusions can
be seen in the middle panel of figure 7.

The bottom panel shows that an unanticipated increase in oil-specific demand expands employ-
ment opportunities in Kern. On impact, employment rises. And continues to rise until by 7 months
the effect is statistically different from zero based on the two-standard-error bands. Employment
is higher a year after the initial shock. The right panel shows that the unemployment rate falls
on impact. The effect is statistically different from zero after around 9 months. These effects are
consistent with the notion that oil production in Kern may respond to oil-specific demand and local
revenue from oil production will rise. Linkages between oil extraction and the regional economy
propagate to expanded opportunities throughout Kern’s labor market.

The effects suggest that Kern depends on oil in a meaningful way. As the US economy transitions
away from dependence on fossil fuels toward green energy, Kern’s economy may be drastically re-
shaped. What had previously been a major component of regional economic activity may no longer
provide opportunities. Policymakers may need to consider expanding options in Kern through, for
example, place-based policy. Further research on this topic will be aided by having the option to
work within the R ecosystem.

Figure 7 makes clear, though, that Kilian’s (20092a) point about identifying the origin of the
shock matters. Even though the price of oil may be determined independently of economic activity
in Kern County, the dynamic effect of a negative supply disruption differs from the dynamic effect
of a positive demand innovation. A negative supply disruption expands labor-market opportunities
more rapidly than the expanded opportunities associated with an oil-specific-demand shock. The
effects of a positive demand innovation are visible in the data after 1 year.

5 Conclusion

In this paper we successfully replicated the substantive conclusions made by Kilian (2009a); namely,
not all oil-price shocks are alike. Understanding the origins of such shocks is necessary for policy-
makers. As Kilian (2009a) points out, a positive structural innovation to the global business cycle
will cause national income in the United States to increase—as the United States directly benefits
from an increase in global economic activity—but the expansion of US income will be hampered
by the rising cost of oil that inevitably follows. A negative innovation to crude-oil production will
cause national income in the US to fall and cause the CPI to rise. Both innovations initially cause
the price of crude oil to rise, but the dynamic effects differ meaningfully. Policymakers will need to
understand the origin of the shock in order to respond appropriately.

Kilian (2009a) should be commended for his excellent code. The original replication package

reproduces the results even when we port the code to R (Kilian, 2009b). In fact, the original repli-
cation package offers an excellent starting point for further analysis.

18



Journal of Comments and Replications in Economics - JCRE

We furthered the analysis in several ways:

* We ported the code to R, which will benefit researchers interested in working within the R
ecosystem. For many, tidying data in R is much easier than tidying data in MATLAB.

* Our replication and paper are written using the targets package. We demonstrate how to
use this Make-like took to ensure reproducibility. The targets package can also be used to
exploit parallel computing, which could be used to speed the construction of bootstrapped
confidence intervals.

* Data from the US Energy Information Administration and the FRED database are retrieved by
code. This makes updating the structural shocks straightforward.

* We provided an application of Kilian’s (2009a) procedure for identifying structural shocks.
These shocks are used learn about how a local labor market responds to the global oil market.
Understanding linkages like these may well be more important as society transitions toward
sustainable energy sources.
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A Appendix

A.1 Data

Kilian’s (2009a) structural VAR model includes three variables: (1) the log difference of global
crude-oil production, (2) a measure of cyclical variation in global real economic activity, and (3) the
log of the real price of oil. Data on production and price are available from the US Energy Infor-
mation Administration (EIA). The index of global real economic activity is made available by the
Federal Reserve Bank of Dallas through the FRED database. Details about accessing the data are
discussed below.

Data on production are available from the EIA under Geography.® Data on price are also avail-
able from the EIA under the series Refiner Acquisition Cost of Crude Oil, Imported.” The EIA
website includes links for retrieving the data through a web application programming interface or
API. Through the API, it is possible to send structured HTTP requests that return data with JSSON
format or JavaScript Object Notation format. The code that gathers our data uses the EIA's API to
retrieve the latest data for production and price.

The nominal price series is converted to constant dollars using the Consumer Price Index for All
Urban Consumers.®

The time series used as an indicator of the global business cycle is the Index of Global Real
Economic Activity. The series is available through FRED.? It “is derived from a panel of dollar-
denominated global bulk dry cargo shipping rates and may be viewed as a proxy for the volume of
shipping in global industrial commodity markets.” Kilian (2009a) initially used this measure of the
global business cycle. Kilian (2019) reviews the index and Kilian & Zhou (2018, 55) discuss the
merits of the series, concluding “that the Kilian (2009a) index and indices based on real commodity
prices have clear advantages in modeling industrial commodity markets compared with alternative
indicators of global real economic activity, including proxies for global industrial production.”

Figure 8 depicts the three series used in the structural VAR model. All series are monthly. The
top panel depicts the change in global crude-oil production. The solid, blue line shows the data

6Using the link in the text, the data can be found under “Petroleum and Other Liquids” and “Crude oil including lease
condensate.”

7Further details are provided in Section 9 of the EIA's Monthly Energy Review.

8U.S. Bureau of Labor Statistics, Consumer Price Index for All Urban Consumers: All Items in U.S. City Average [CPI-

AUCSL], retrieved from FRED, Federal Reserve Bank of St. Louis; https://fred.stlouisfed.org/series/CPTIAUCS
L.

9Federal Reserve Bank of Dallas, Index of Global Real Economic Activity [IGREA], retrieved from FRED, Federal Reserve
Bank of St. Louis; https://fred.stlouisfed.org/series/IGREA.
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used by Kilian (2009a), and the dashed, red line shows data retrieved using the code for this paper
(see Kilian, 2009b, for the original data and code). The original series begin in February 1973 and
go through December 2007. The updated series used for the replication begin in February 1974 and
go through January 2025. Kilian (2009a) extends the series through 1973 using a procedure de-
scribed by Barsky & Kilian (2001), a procedure that is not undertaken here. The two series largely
coincide. The striped effect indicates that the series overlap.

The middle panel in figure 8 shows the time series of global real economic activity. Again, the
solid, blue line depicts the original data and the dashed, red line depicts the updated data. A few
years before 2005, the two series diverge. This discrepancy has to do with a coding error in the
original analysis described by Kilian (2019).

The bottom panel in figure 8 shows the time series for the real price of crude oil. The solid,
blue line shows the series used by Kilian (2009a). The dashed, red line shows data retrieved by our
code. The discrepancy between the series is accounted for by demeaning over different periods.
The dotted, green line shows our updated data used in the replication demeaned over the period
that overlaps with the original data. The striped effect indicates the two series agree.

As Kilian (20092) demonstrates, the three time series in figure 8 are key determinants of the
global market for crude oil. These are the three series used to estimate the structural VAR in the

paper.

A.2 A sensitivity analysis that uses an index of global industrial production

Kilian (2009a) uses a measure of global shipping rates as an indicator of global real economic activ-
ity, which reflects global demand for all industrial commodities (Kilian, 2019, provides an update).
We focus on Kilian’s (2009a) index in the text for two reasons. First, it was used in Kilian’s (2009a)
original specification of the oil market and replicating that analysis was our goal. Second, Kilian
& Zhou (2018) make a persuasive case that Kilian’s (2009a) index is the appropriate index to use
in this application: Kilian’s (2009a) index has “the advantage of being [a leading indicator] with
respect to changes in latent global real output and of accounting for the role of expectations about
the business cycle” (Kilian & Zhou, 2018, 75).

An alternative indicator of global real economic activity is the OECD+6 index of industrial
production. This is an index of industrial production for OECD (Organization for Economic Co-
operation and Development) countries and, starting in 2006, six non-member countries (Brazil,
China, India, Indonesia, the Russian Federation, and South Africa). It serves as a proxy for global
industrial production. Kilian & Zhou (2018) point out that it is a coincident indicator (as opposed
to a leading indicator) and it fails to account for Chinese demand prior to 2006. The OECD+6
industrial production index was first explored by Baumeister & Kilian (2014) and has been used by
Baumeister & Hamilton (2019). For further discussion see Kilian (2022).

We follow Zhou (2020), who conducts a similar sensitivity analysis for a refinement of Kilian
& Murphy’s (2014) model of the global oil market, and replace Kilian’s (2009a) index with the
first difference of the log of the OECD+6 index.  (Zhou [2020] uses the log-linearly detrended
OECD+6 index.)
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Figure 8: Determinants of the global market for crude oil

by Kilian (2009a) and revised by Kilian (2019); bottom, real price of oil measured by the acquisition cost of refiners and

deflated using the Consumer Price Index for All Urban Consumers. The solid, blue lines show the data originally used by
Kilian (2009a). The dashed, red lines show the updated data. The dotted, green line in the bottom panel shows the updated
series for the real price of oil demeaned over the period February 1974 to December 2007, which overlaps the original

sample period after 1974. The striped effect indicates the two series coincide. All data are monthly. The updated data begin
in February 1974 and go through January 2025. The original data begin one year earlier.
Sources: US Energy Information Administration, Federal Reserve Bank of Dallas, and US Bureau of Labor Statistics.
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For our analysis, we use the index published on Christiane Baumeister’s website.!?

A.2.1 Impulse responses based on the structural VAR

The structural VAR representation of this model is the same as in (1) with y,; replaced by y, =
( Aoil production, AOECD+6 industrial production, real price of oil )’. The model is estimated us-
ing the same timing assumptions as the ones specified in (3). Figure 9 shows the structural impulse
response functions, which are the responses of elements of y, to one-time impulses in structural
innovations. Because industrial production is measured as the difference of logs, all responses for
this variable are summed to approximate the cumulative percent change. Again, the innovations
are normalized so that each innovation will tend to raise the price of oil.
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Figure 9: Responses of one-standard-deviation structural shocks (based on an index of industrial
production)

Note: Solid lines show the point estimates and the shaded regions show one- and two-standard-error bands. Estimates
are based on the structural VAR model in (1), using the updated data (February 1974-January 2025). Confidence intervals
were constructed using a residual block bootstrap procedure (Briiggemann et al., 2016).

Figure 9, which is based on OECD+ 6 industrial production, is comparable to figure 6. In brief,
the broad patterns are remarkably similar. Our results are in line with the results reported by Zhou
(2020).

10Which is accessible at https://sites.google.com/sit

10}

/cjsbaumeister/datasets.
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A.2.2 Historical decomposition

Given that the impulse response functions are very similar, it is not surprising that the histori-
cal decomposition is similar as well. Figure 10 shows the cumulative contribution of oil-supply,
aggregate-demand, and oil-specific-demand shocks to the real price of oil in separate panels. The
contributions based on the industrial-production index are shown using solid, blue lines. The con-

tributions shown with dotted, purple lines are based on Kilian’s (2009a) index. (These are copied
from figure 3.)
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Figure 10: Historical decomposition of the real price of oil

Note: Top, how much oil-supply shocks explain of the historically observed fluctuations in the real price of crude oil; middle,
how much aggregate-demand shocks explain of the historically observed fluctuations in the real price of crude oil; bottom,
how much oil-specific-demand shocks explain of the historically observed fluctuations in the real price of crude oil. Estimates
are based on the structural VAR model in (1), using data from February 1974 to January 2025. The solid, blue lines are
based on the growth rate of industrial production instead of using the index of global real economic activity described in the

main text (Kilian, 2009a, 2019). The dotted, purple lines correspond to statistics from figure 3, which are based on Kilian’s
(2009a) index of global real economic activity.

The cumulative contributions—whether based on Kilian’s (20092) index or the index of indus-
trial production—are broadly similar. Some differences are expected, however. As Zhou (2020)
explains, the timing of the two indicators of global real economic activity differ. Kilian’s (2009a)
index is “a leading indicator with respect to global real output;” whereas, the industrial-production
index is a coincident indicator of global real output and therefore “[misidentifies] the timing of
shifts in aggregate demand in commodity markets” (Kilian & Zhou, 2018, 58). Regardless, insights
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made by Kilian (20092a) continue to hold: oil-supply shocks have made small contributions to the
real price of oil and oil-specific-demand shocks have contributed the ups and downs to the real
price of oil.

A.2.3 Responses in Kern County, California, to the global oil market

We also investigated the robustness of the second-stage regressions that investigate the responses
of labor-market outcomes in Kern County, California. The patterns based on shocks estimated using
industrial production are similar to those shown in figure 7. We therefore skip reporting the results
here and, instead, report the figure that corresponds to figure 7 in our replication materials.
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