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A Time-Series Analysis of U.S. Petroleum
Industry Inventory Behavior

Robert Krol* and Shirley Svorny*

This paper examines inventory behavior in the U.S. petroleum
industry. Inventories of crude oil and its three major products—gasoline,
distillate and residual fuel oil-—are studied.

Earlier empirical studies of inventory behavior have been unable to provide
evidence of the production smoothing role of inventories emphasized in the
theoretical literature {see Blinder, 1984). We suggest that these results are due
to a tradition of relying on a partial-adjustment model to explain inventory
behavior. We feel that the partial-adjustment model ignores potentially sig-
nificant relationships between lagged values of explanatory variables and
inventories implied by dynamic analysis, This leads us to investigate the
time-series properties of petroleum inventories using the vector autoregress-
ion (VAR) methodology developed by Sims (1980).'

Petroleum industry inventory behavior is particularly interesting for
several reasons. First, there is the perception that changes in inventory
holdings have a destabilizing effect on world crude-oil prices. Second,
data are available to study the interaction between product and input
inventories.

The first section focuses on the theory of inventory behavior and prior
attempts to test it empirically. Next, we explain how vector autoregression
solves some of the problems common to the more traditional techniques.
Finally, we present the results of two VAR models estimated for oil and
refined product inventories.
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1. Inaddition to Sims’ work, detailed introductions to the statistical theory and uses of VAR’s
can be found in Sargent (1979) and Hakkio and Morris {1984),
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MODELING INVENTORY BEHAVIOR

The partial-adjustment model has been the standard model of inven-
tory behavior, Underlying the model is the theoretical assumption of profit
maximization on the part of the firm. A firm weights the marginal benefits of
holding additional inventories {(allowing cost-saving production smoothing
in the face of variations in demand and rising marginal costs of production)
against the interest and storage costs of holding stocks. (See Rowley and
Trivedi, 1975, and Maccini and Rossana, 1984, for a more complete dis-
cussion.) Once the optimal level of inventories is chosen—based on such
variables as expected sales, the cost of capital, and expected changes in price
—the change in inventories held in any one period is determined by the costs
of adjusting inventories to the desired level and by the magnitude and
direction of unanticipated sales. Originally used by Loveli {1961}, the uni-
variate flexible accelerator or partial-adjustment model takes the following
form. Inventorics adjust only partially to desired levels in any one period:

L= 1 = ol — 1)) + B(§7 — S). (1)

Here 7, refers to the actual level of inventories in period ¢, I* is the desired
level of inventories, S, and S7 stand for actual and expected sales (frequently
represented by S,_)), respectively, and « is the partial-adjustment coefficient.
Assuming desired inventories depend linearly on sales (I* = y, + 7,5,) and
expected sales are measured simply by last period sales (S7 = §,_,), then a
standard partial-adjustment model might take on the form represented by
equation 2.

If = ¥y + "-WlSr + ﬁ(Sz—l - S.!) + (1 - OII)IJ—I (2)

The optimal or desired level of inventories may depend on more than just
sales. One common modification includes the cost of capital as an additional
explanatory variable. However, the expected negative influence of interest
rates on inventory holdings has been shown with only a limited degree of
success (see Akhtar, 1983). Verleger (1982) and others have added a proxy for
expected increases in price. Maccini and Rossana (1984) extend the model to
capture the interaction beiween finished goods inventories and other relevant
stocks. Of particular interest is their use of raw material stocks to explain
finished goods inventory investment,

The problems with the partial-adjustment model are well known, One is
that the estimated magnitudes of o and § have been generally perplexing to
economists. Estimates of & turn out to be relatively low, suggesting that the
costs of adjusting inventories to the desired level are quite high. These results
are difficult to reconcile with large estimates of 8, which suggest an immediate
adjustment in inventories to compensate for unanticipated sales.
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Puzzled by the slow adjustment of actual inventories to their desired levels
and their rapid adjustment to unanticipated sales, Feldstein and Auerbach
(1976) propose and test a “target adjustment” model with some success. In
their model, the desired or target level of inventories adjusts rather slowly,
but inventories adjust immediately to changes in the target level,

A second problem raised by empirical tests of inventory behavior is that
there appears to be a positive relationship between unanticipated sales and
inventories (f# > 0). This contradicts the supposed production smoothing
function of inventories. In an attempt to explain this result, Blinder (1984)
suggests that the high observed f’s may reflect the fact that much of what
econometric estimation labels as unanticipated sales is really known to the
firm. He also notes that, if a producer reads a positive change in sales as a
signal of future sales growth, then if is not inconsistent with production
smoothing to see inventories increase. Production will increase in anticipa-
tion of a higher level of future sales, causing both sales and inventories to
gTOW.

A third problem with empirical tests of inventory behavior is raised by
Benjamin Friedman in the discussion following Blinder (1981). Friedman
questions the use of a one-period lag. While Friedman is commenting specifi-
cally about problems in Blinder (1981), his point is well taken when consider-
ing the one-period lag structure assumed by the partial-adjustment model.
There is no reason to assume that inventory adjustments in any one period
are in response to discrepancies between curreni desired inventories and
actual inventories in the previous period alone.

Previous investigations of oil industry inventory behavior have not been
extremely fruitful. Griffin (1971) estimated a standard partial-adjustment
maodel for three products: gasoline, kerosene and distillate. He found rather
small estimates of the rate of adjustment to desired inventory levels (fen to
fifteen percent per month}, Seasonal dummy variables were generally signifi-
cant, showing the expected seasonal trends for the three products.

Verleger (1982) adds a measure of the speculative motive for holding crude
and products which he suggests is a significant determinant of crude and
product inventory behavior. For crude and an aggregate of products, Ver-
leger estimates a standard partial-adjustment model. He adds the spread
between the expected increase in the price of crude (measured as the dif-
ference between spot market values and official crude oil prices) and the
opportunity cost of carrying the oil through to the next period, Despite weak
empirical results, Verleger concludes that the difference between spot values
and contract prices explains some of the variance in petroleum inventories.

Blinder (1984) presents the results from a simple stock-adjustment model
for the petroleum and coal products sector of the economy, The speed of
inventory adjustment is found to be twelve percent per month. Blinder’s
estimates for this sector of the economy and others convince him that
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relatively low estimates of the speed of inventory adjustment are accurate and
that the faster adjustment speeds found by Maccini and Rossana (1984) can
be ascribed to errors in their estimation technique,

USING THE VECTOR AUTOREGRESSION
ESTIMATION TECHNIQUE

There are several advantages of using a vector autoregression {(VAR)
to examine petroleum industry inventory behavior, First, in previous studies,
the explanatory variables (sales, cost of capital, price) are generally assumed
to be exogenous with respect to the dependent variable (inventories). How-
ever, failure to take into account any simultaneous relationships that might
exist between a particular explanatory variable and the dependent variable
results in biased and inconsistent parameter estimates. Hypothesis testing
under these conditions can be misleading. By using a VAR, the seriousness
of the problem can be determined and the problem avoided. This is par-
ticularly valuable when looking at crude and product inventories—since
prices and inventories are thought by many to be simultaneously determined.
Using the VAR, cach variable in the model is treated as endogenous to the
system. Each variable is regressed on past values of itself and past values of
all other variables in the system. Simultanecus equation bias is avoided, yet
estimation remains fairly simple (i.e. ordinary least squares).

Second, standard empirical inventory models have used estimation methods
and specifications which focus on only the contemporaneous relationship
between explanatory variables and inventories. These models are arbitrarily
restricted so that past values of key variables are exciuded from the analysis;
many possible interactions among the variables are completely ignored.
Naturaily, if important variables are omitted so that the models are misspeci-
fied, the coeflicient estimates will be biased and inconsistent. A major advan-
tage of using the VAR model is that it is designed to characterize the dynamic
response of inventories by including lags for each variable in the system.
Moreover, the VAR methodology does not require a predetermination of
appropriate lag lengths; the lag length is determined econometrically. The
likelihood ratio test suggested by Sims (1980) is used to determine the lag
lengths used here.

Finally, the VAR impulse-response functions let us examine how an unan-
ticipated change in sales {or any other variable in the system) in one period
influences the level of inventories in both current and future periods. This
gives a better understanding of the relationship between these variables that
does the partial-adjustment model.

Technically, a VAR is the unrestricted reduced form of an unknown
underlying structural model. To begin with, we estimate a four-variable VAR
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for crude oil and for each of three refined products—gasoline, distillate,
and tresidual fuel oil. These four-variable models include the key variables
traditionally used in inventory models: the short-term interest rate (r), crude
or each products’ own price (P), own sales (5), and own inventories (I). The
“standard” four-variable VAR is shown in equation 3 (seasonal dummy
variables and constants are omitted for ease of exposition).

w

X = ; A@Y X — i) + e(®) )]

where X(8) = [r,, B, S,, L] and e(t) = [e,,, €, €3, €4], 2 vector of white-
noise disturbance terms. A{i) is a 4 by 4 coefficient matrix, m represents the
lag length and ¢, the time period.

An extended model is also estimated which attempts to capture the inter-
action of crude and product inventories by including crude inventories in the
product models and vice versa. Rather than including the products separately,
an aggregate measure of product inventories is constructed for the crude
model.

In estimating the VAR models we use monthly data from January 1969 to
December 1983. All variables are expressed in natural logarithms. Since the
data are not seasonally adjusted, scasonal dummy variables were included in
each equation when estimated.? Because all the right-hand-side variables in
the VAR are predetermined, each equation in the VAR is estimated by
ordinary least squares. This estimation procedure results in consistent and
asymptotically efficient estimates.

ECONOMETRIC RESULTS
The Standard Model

The likelihood ratio test elaborated on by Sims (1980) determined lag lengths
(m) of two, four, four and four for the crude, gasoline, distillate and residual
fuel oil standard models, respectively. A useful way to summarize the resulis
of the estimated models is to examine F-tests of the null hypothesis that all
of the coefficients of a lagged variable in an equation are jointly equal to zero.
Table 1 presents significance levels for the F-statistics calculated for the

2. The interest rate used is the annualized market yield on three-month U.8. Treasury bills,
Prices of refined products are measured in cents per gallon and crude cil prices are measured
using a crude-oil price index. Inventories are measured in millions of barrels. Crude oil sales
equals crude oil production minus the change in crude il inventories. Refined product sales
equals domestic product supplied minus imports plus exports. Domestic product supplied equals
total sales in the U.S, by domestic and foreign refiners,
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Table 1. Significance Levels of F-Tests—Standard Madel

[y} 2) (3 (4)
Crude: r P 5* *
) r A A 59 76
2) P 35 A .09 18
(3 s 33 83 A 23
(4) I} 76 06 A A
Casoline:
{5) r A 70 03 15
& P 77 A 26 01
7 5 92 Ruyl A A
8 I .80 i3 01 A
Distitlate:
9} r A 01 90 76
(10} P 51 A .03 .01
(1 S 22 3 A A
(12 ! 62 67 A A
Residual fuel oil:
(13) r A 22 .09 18
(14) P 02 A .54 05
(15) 5 19 06 A 02
(16) ! 45 05 A A
Notes:

A implies less than one percent.
* denotes the dependent variable,

standard model. Except for the short-term interest rate, all the variables in
the refined product inventory equations are significant at the five percent level
(see column 4, rows 5-16). In the crude-oil model, only past values of its own
inventories are significant (at the one percent level) (see column 4, rows 1—4).
It appears that product inventories are more responsive than crude inven-
tories to price and sales. This is consistent with the relatively greater supply
elasticity of individual refined products. In comparison, the supply of crude
oil is fairly inelastic in the short run.

The results in Table 1 can be used to determine which explanatory vari-
ables are econometrically exogenous. If a particular variable is exogenous
with respect to inventories, the F-statistic for inventories should not be
significant in the equation which explains the variable in question (see Sims,
1980). As Table 1 shows, inventories are always highly significant in each
sales equation (column 3) and in two out of the four price equations (column
2). Our conclusion is that at least sales are not econometrically exogenous
with respect to inventories. This does not bode well for the simple partial-
adjustment model, which treats sales as if they were exogenous. We can also
comment on the many references to the impact of inventory stocking and
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de-stocking on prices (see, for example, Verleger, 1982, or Danielson, 1979).
There appears to be evidence supporting this hypothesis for crude and for its
closest substitute, residual fuel oil. There is evidence of unidirectional causal-
ity from crude inventories to crude prices at the 6 percent level (Table 1,
column 2, row 4) and of a simultaneous relationship between residual fuel oil
prices and inventories (see column 2, row 16 and column 4, row 14). While
gasoline and distillate inventories appear affected by prices (column 4, rows
6 and 10), the reverse is not true (column 2, rows 8 and 12). The lack of a
two-way relationship between gasoline and distillate inventories and price
may teflect the relatively greater supply elasticity generally attributed to these
products due to the nature of the refining process.

Tables 2 and 3 provide evidence from an equivalent moving-average
representation of the standard inventory model.? From the moving-average
representation, we can examine the impulse-response function for inventories
with respect to other variables in the system. The impulse-response function
quantifies the response of a one unit increase in variable i on future values of
the jth variable.?

The results of the impulse-response function can be sensitive to the order-
ing of the variables. The interest rate is placed first because it represents an
aggregate variable and should be exogenous with respect to the petroleum
industry. Price is ordered second, ahead of sales. Our focus variable (inven-
tories} is placed last. We interpret this to mean that an interest rate innova-
tion contemporaneously influences price, sales and inventories, while an
inventory innovation does not contemporaneously influence any other vari-
able in the system. When the contemporaneous cotrelation between variables
in the system is low, the particular order is less important. Here, the contem-
porancous correlation is generally low.’?

The impulse-response functions are given in Table 2. Clear patterns emerge
for the three refined product inventories. Of greatest interest is the result that,

3. The standard VAR can be represented as A(L)X{¢) = e(t) where A(L) is an m by n matrix
polynomial lag operator, m equals the lag length, »# the number of variables in the model, and
A(0} is the identity matrix, X(r) is an # by I vector of variables in the model. e(f) is an # by |
white-noise stochastic error term and Ele(t), e(tY] = Z. We can normalize the VAR into a
recursive system with a covariance matrix equal to the identity matrix. Let H be a lower
triangular matrix of appropriate dimension such that X B’ = I Pre-multiplying the VAR by
H results in the recursive system HA(L)X(1) = He(r) with E[He()e(tYH'] = HZH’ = I. The
transformed covariance matrix results in the contemporaneous error terms of each individual
equation being orthogonal to one another with a variance of one, Assuming that X{r) is
.stationary, the equivalent moving-average representation of the VAR is X(r) = B(L)u(¢) where
B(L) equals [HA(L)™" and u(f) equals He(t) [see Sims (1980) or Hakkio and Morris (1984)].

4. The impulse-response function of x; with respect to x; (i less thun or equal to /) equals b, (L),
an element of B(L) (see footnote 3),

5. The only exception is between sales and inventories. These two variables were reversed and
the model was re-estimated with little change in results.
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Table 3. Decomposition of Variance—Standard Model

Crude Gasoline
t+ kK r P S ! 3 I s f
T 1.5 2 1.2 97.2 2.2 1.5 419 53.4
2 9 1.1 5.6 92.1 34 34 36.0 57.3
3 .6 2.1 7.1 90.1 5.2 59 283 60.7
4 .5 29 7.5 89.1 49 9.2 26.1 597
[ 4 4.3 79 87.5 4.4 17.0 234 553
12 1.3 8.0 8.1 82.7 3.5 29.2 237 43.7
24 7.5 13.4 8.1 71.1 4.2 336 275 © 347
Distitlate Residual Fuel Oil
t+ k r P S ] r P M !
1 2 11 36.3 62.4 .0 2 501 49.7
2 N iz 352 61.0 N A 49.3 0.5
3 N 86 338 57.5 1.1 11 49,1 48,7
4 N 13.5 319 54.5 1.0 29 48.4 A7.7
3] A 21.2 268 52.0 1.3 7.6 423 48.9
12 3 28.2 248 46.7 26 169 279 526
24 15 29.8 17.7 509 7 24.2 265 4607

following an innovation in sales, it appears that refined product inventories
decrease for five or six months before inventory building begins. These results
support the production smoothing role of inventories, a result that the
partial-adjustment model has been unable to detect, When sales unexpectedly
increase, inventories decline (as one would expect if production smoothing
were an important aspect of holding inventories). Once the sales increase is
perceived as being more permanent, inventory building oceurs. Crude inven-
tories do not appear to be responsive to innovations in crude sales.

Also, there seems to be a clear positive relationship between innovations
in price and refined product inventories, with at least three possible explana-
tions, First, if increases in price are due to disruptions in supply, we would
expect inventories to adjust upward to reflect the increased uncertainty of
supply. Alternatively, if increases in price are the result of an increase in
demand, then we would expect inventories to grow more or less propor-
tionately to sales, Finally, the positive effect of price on inventory accumula-
tion may reflect speculative behavior. An increase in the expected future price
on the part of those who hold crude and product inventories results in higher
inventories and higher prices.

More information comes from the results of the variance decomposition
(see Table 3). The decomposition of variance measures the percentage of the
k-period ahead (+ + k) squared forecast error in one variable produced by
innovations in each of the other variables in the system. The entries in Table
3 can be read as showing the percent of variation in {crude or product)
inventories in period f + k that can be accounted for by innovationsin r, S,
P, and by (crude or product) inventories (F) themselves in period ¢. Table 3
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shows that, even after one year (t + & = 12), the effect on refined product
inventories of innovations in sales are of almost as great as the effect of innova-
tions in inventories themselves. After two years, the effect of a change in sales
is still fairly strong—explaining approximately one-quarter of the squared
forecast error. Despite the substantial adjustment in the first year, the variance
decomposition suggests a fairly slow adjustment of inventories over time to
changes in sales, Turning to the effect of innovations in price, we see that, at
horizons of more than one year, price innovations have effecis that are
generally as large or larger than those caused by innovations in sales. This may
be interpreted to mean that inventory levels do not adjust to price innova-
tions until the changes in price are viewed as being permanent. We conclude
that the adjustment of refined product inventories to innovations in both price
and sales is fairly slow. Finally, the effect of innovations in price and sales on
crude inventories appears to be quite small, as forecast errors in crude inven-
tories are primarily due to own innovations at both short and long horizons.

The Extended Model with Intermediate Inputs

There is probably some interaction among the various petroleum inventories.
We suspect that inventories of crude oil, as the principal input in the refining
process, are a substitute for holding refined products in stock. To test the
relationship between the demand for crude and refined product inventories,
as extended, a five-variable vector autoregression model is estimated. In each
of the three standard refined product models estimated above, crude inven-
tories (CI) are included as an additional variable, placed third in order
" (following the price variable and before sales). Total refined product inven-
tories (TPI)—the sum of the three individual refined product stocks (in
barrels)—is added to the standard crude model, also placed third in order.
Lag lengths of two, four, three, and four were chosen for the crude, gasoline,
distillate, and residual fuel oil models, respectively.

Table 4 presents F-tests for the expanded VAR, The level of significance
of all the variables in the crude inventory equation increases with the addition
of total product inventories as an additional variable. However both the
interest rate and price remain insignificant (column 5, rows 1-5). The signifi-
cance of crude inventories in the TPI and sales equations (columns 3 and 4,
row 5) suggests that neither are exogenous. These data support our expecta-
tion that crude and product inventories are simultaneously determined. Of
the refined product models, only the distillate model shows crude inventories
to be significant in determining product inventories (column 5, row 13}, Not
surprisingly, there appears to be less substitution between inventories of crude
oil and any particular product than between crude oil and aggregate product
inventories. For once, the interest rate comes in as significant in the residual
fuel oil model {column 5, row 16).
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Table 4. Significance Levels of F-Tests—Extended Model

{1 2) (3) (&) {5)
Crude r P TPYCH s i
[y)] r A 04 .87 32 .69
2 P 22 A 16 A .09
) TP 97 A3 A 74 04
) N 35 76 67 A 02
5) ! 79 22 .02 A A
Gasoline
6) r A 3 .86 01 29
7 P .82 A 56 5 12
® Cct b5 3 A A7 37
[H S 99 .02 A48 A 01
(10 ! 80 9 10 03 A
Distiltate
(1 r A 01 56 42 66
(12} P .53 A .04 99 A7
(13} cl .67 10 A 61 A
(14} S 36 .05 76 A b5
(15} | .96 34 10 01 A
Residual Fuel Oil;
16} r A 08 86 01 04
{17} P .03 A 46 10 .02
{18) &} .89 23 A A .09
{19) 5 27 51 27 A 01
{200 ! 58 08 15 A A

The impulse-response functions from the extended model are presented in
Table 5. Once again, what appears to be a production smoothing result is
observed in the response of refined product inventories to innovations in
sales. The interaction between crude and product inventories is seen in the
third column, which describes the response of crude inventories to innova-
tions in refined product inventories {TPT) over time. For ten months, innova-
tions in product inventories are accompanied by increases in crude oil inven-
tories. A similar result, but for a shorter period, is seen in the response of
product inventories to crude inventory innovations. Not surprisingly, in the
short tun, the ability to substitute crude and product inventories for one
another results in the simultaneous increase or decrease in both inventories
in response to movements in either. For example, if residual fuel oil stocks
are drawn in response to an unanticipated increase in demand, we would
expect refinery production to pick up, causing a paralle! reduction in crude
oil inventories. In the longer run, however, the ability to substitute crude and
product inventories for one another means that holding more or less of either
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Table 6. Decomposition of Variance—Extended Model

Crude Gasoline
t+ k r P TPt S I r P i 5 !
1 1.4 A 8 1.7 96.0 2.4 1.8 1 43.2 52.5
2 .8 7 12 6.9 904 39 29 0 358 574
3 6 1.8 1.3 8.0 88.3 55 43 2 289 612
4 4 29 13 8.5 869 5.2 6.5 2 281 60.1
6 4 5.0 11 8.6 84.9 4.7 10.7 3 26.6 57.7
12 1.2 11.6 b 8.0 78.6 4.3 17.6 24 24,0 517
24 71 27.8 3 6.0 58.8 57 19.8 4.6 234 46.5
Distillate Residual Fuel Oil
t+ k r P &} k) I r P @] s I
1 0 9 1.2 439 540 .0 9 b 47 .6 509
2 N 1.8 5 47.0 50.6 2 6 9 43.8 54.5
3 4 2.6 4 479 487 1.5 2.5 9 40.8 54.4
4 b 37 3 47.2 48.2 15 53 8 38.0 54.5
6 1.1 6.2 7 44,4 47.7 2,2 11.5 7 30,0 54.8
12 38 111 4.0 39.6 1.6 4.3 17.0 6 201 579
24 8.1 15.7 9.5 319 348 3.0 229 7.6 13.0 535

reduces the demand for holding the other, leading to the negative effect
observed.

Table 6 presents the decomposition of variance for the extended model. The
results are generally comparable to the standard model. One change from the
results of the standard model is that, for crude oil, price innovations appear
to be somewhat more important at the twelve and twenty-four month horizon

CONCLUSION

We have used vector autoregression to examine petroleum industry
inventory behavior in the U.S. Evidence of a simultanccus relationship
between inventories and sales and inventories and price, and more than a
simple contemporaneous relationship between petroleum inventories and
explanatory variables, confirms the value of using a VAR over the more simple
partial-adjustment model. The VAR’s equivalent moving-average repre-
sentation also produces impuise-response functions that demonstrate the
previously unobserved production smoothing role of inventories. The results
of the variance decomposition for refined product inventories contribute to
the rate-of-adjustment debate with evidence of a fairly slow adjustment of
inventories over time.

6. We also estimated a VAR which included the Strategic Petroleum Reserve. The results
showed some negative interaction between the Strategic Petroleum Reserve and privately held
inventories. These results are available from the authors upon request,
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The evidence seems to show that crude oil inventory stocking and de-stock-
ing affect crude prices. Also, tests of an extended model confirm our expecta-
tion of a relationship between crude and total product inventories. Crude and
total product inventories appear to move together in the short run, as unan-
ticipated shocks to one or the other create substitution effects that cause both
to move in the same direction. In the longer run, increases in crude inven-
tories appear to be accompanied by reductions in total product inventories.
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