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Abstract
We analyse output flexibility in oil production, distinguishing between conventional and unconventional (shale) extraction technology. In particular, we ask to
what extent shale oil producers respond to price incentives by changing well completions and oil production. Using a novel well-level monthly production data set
covering more than 15,000 crude oil wells in North Dakota, we find large differences
in response between conventional and unconventional extraction technology: While
crude oil production from shale oil wells responds significantly to spot future spreads,
production from conventional wells does not. We interpret the output pattern of
shale oil wells to be consistent with the Hotelling theory of optimal extraction.
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Introduction

Since the summer of 2014, the global oil industry has been in one of its deepest downturns
in decades. The cause is the plunging oil price, which at one point fell more than 70 percent
compared with the observed price level in June 2014. These events have spurred renewed
interest in the behaviour of oil producers, in particular to what extent producers will
respond to these negative price incentives by reducing oil production and drilling activity.
Previous studies addressing this issue typically find oil production to be price inelastic in the short run, see e.g. Hogan (1989), Pesaran (1990), Dahl and Yücel (1991),
Ramcharran (2002), Smith (2009), Griffin and Teece (2016) and Anderson et al. (2014).
However, these studies analyse output responses from conventional oil pools only, mainly
using aggregate data. Yet, aggregate elasticity of oil supply depends on the extraction
technology of the marginal producer of crude oil. Arguably, the present marginal producers are US shale (unconventional) oil firms.1 In fact, by 2015, oil production from
shale deposits accounted for half of total US crude oil output. Furthermore, the use of
hydraulic fracturing technology is spreading to other oil-producing countries, potentially
making unconventional oil a much larger share of total production than it is today (see
Clerici and Alimonti (2015)).
Hence, knowledge of supply elasticity and producer behaviour in unconventional oil
pools is important, but lacking. We aim to fill this gap by examining the response of shale
and conventional crude oil wells to spot and expected future oil prices. Using a novel
and rich monthly panel data set from 1986 to 2015, covering more than 15,000 oil wells
operated by more than 450 oil-producing firms, both conventional and shale in the North
Dakota oil patch, we are able to study the response of crude oil wells along two margins.
First, along the intensive margin, we ask if firms adjust the flow rate from existing wells
in response to oil price shocks, distinguishing between conventional and shale oil wells.
Second, along the extensive margin, we ask if firms optimise the completion of new wells
in response to oil price changes, comparing again the two types of well technologies.
There are several reasons why one would expect shale wells to respond differently from
conventional oil producers. First, shale oil wells have a much higher marginal cost per
barrel, increasing the risk that prices enter the range of marginal costs inducing firms to
reduce output or shut in the well temporarily. Second, shale technology is a more flexible
well extraction technology, making firms less constrained in taking advantage of real option
values. For example, a shale well may be stimulated with water and chemicals many
times during its lifetime, sometime as much as 20 times.2 This leaves the well operator
some degree of freedom to choose the timing of the fracturing operations relative to a
conventional well which is naturally flowing. Third, shale wells have a very front-loaded
production profile relative to conventional wells. In our sample, the first-month production
rate of the average shale well is almost four times as high as that of a conventional
1
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well. Moreover, the decline rate of shale wells is on average about five times higher than
for conventional wells. This production front-loading increases the incentive for shale
producers to optimise the timing of well completion.
Using the full panel of output per well, and distinguishing between the two different
well technologies, we first show that neither conventional oil wells nor shale wells respond
significantly along either the intensive or extensive margin to changes in spot oil prices,
echoing previous results in the literature. However, when we also include expected future
oil prices into the analysis, the picture changes dramatically. In particular, we document
that (i) shale wells have a positive and significant short-term supply elasticity in response
to shifts in the one-month spot future spread, while they (ii) reduce both well flow rates
(intensive margin) as well as the number of new wells (extensive margin) they add to the
stock of producing wells substantially today when the long term (three-, six-, twelve- or 18month) future curve is upward sloping (and vice versa when the future curve is downward
sloping). The magnitudes are of economic importance. For a ten percent increase in the
twelve-month spot future spread, producers respond by reducing the number of wells they
complete by an average of eight wells. This is equivalent to holding back about 80,000
barrels of monthly crude oil production from the market.3 We find no evidence of such
dynamics for conventional oil producers.
The use of microeconomic data to infer the price elasticity of aggregate output has
several advantages. First, by constructing a rich panel data set, we can eliminate any
potential aggregation bias over well production rates when estimating the empirical model.
Aggregating over all individual wells is equivalent to imposing identical parameter values
for all producing wells regardless of well or firm characteristics. This would lead to a
significant loss of information about micro relations in our data set. Second, the use of
panel data enables us to explore the cross-sectional variation in for instance well type,
age, location or other characteristics of interest, and we can investigate the potential
heterogeneity in producer behaviour across technologies (conventional or unconventional).
Third, using the large cross-section of the panel, we can identify differential behaviour of
conventional and shale producers in response to the same price shock. Hence, our results
are immune to unobserved time variation in state variables, such as changing market
conditions or oil price regimes. Lastly, having a large cross-section in a panel is beneficial
for statistical inference when analysing a relatively short time period as we do here.
We interpret the results for shale oil producers to be in line with Hotelling (1931)’s
model of optimal exhaustible resource extraction. Reserves are an inventory, and the
decision to produce is an intertemporal choice of when to draw down below-ground inventory. For producers to behave in line with the Hotelling (1931) theory, they must be
able to reallocate extraction across different periods. Previous studies for conventional
producers have not found this flexibility condition to hold, see e.g. Anderson et al. (2014)
3
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for an application to oil producers in Texas. Our empirical results, however, show that
the degree of output flexibility depends on the technology applied, and that firms using
shale oil technology are more flexible in allocating output intertemporally. This enables
shale producers to behave more consistently with the benchmark theories for commodity
producer behaviour.
Our result has important implications. First, oil price models often assume aggregate
oil production is price inelastic in the short run when identifying oil market shocks, c.f.
Kilian (2009). However, as production from drilled shale wells will be responsive to shocks
to the oil price also in the short term, this assumption may no longer hold. Instead, our
results support exploring alternative identification schemes that relaxes the assumption
of zero short-run response in oil production, see for instance Baumeister and Hamilton
(2015) and Caldara et al. (2016). Our findings have also important policy implications.
For instance, when designing tax policies, policymakers should take into account that
producers adjust differently to price-sensitive news (such as a tax on revenue). Hence,
any tax policy that targets operators at the well level should consider that shale producers
are more responsive to price changes than conventional well operators.
The rest of the paper proceeds as follows: Section 2 describes the data environment,
while Section 3 sets up the panel data model and discusses the empirical results. Section
4 discusses robustness and some caveats, while Section 5 interprets the results in light
of the Hotelling (1931)’s model of optimal exhaustible resource extraction. Concluding
remarks follow in Section 6.

2
2.1

Data environment
Oil and geology in North Dakota

The first commercial oil discovery in North Dakota was made in 1951 in the Williston
basin. Discoveries continued to be made in the 1960s and 1970s, and production gradually
increased until it peaked during the first conventional oil boom in the early 1980s. At the
peak (in 1981), 834 conventional wells were drilled in one year. From the peak followed
a long period of decline, until only 34 wells were drilled in 1999, the lowest number of
wells drilled since oil drilling began. By April 2004, production in North Dakota had also
reached a minimum, at around 75,000 barrels produced per day.4
New discoveries from 2006 initiated the recent North-Dakota boom. The boom relates
mainly to oil deposits discovered and produced within the Bakken field, which is a rock
4
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formation occupying an area of about 520,000 km2 , about the size of Spain.5 The boom
started with the discovery of Parshall Oil Field in 2006, and peaked in 2012, but with
substantially less growth noted since 2015, see Figure 1. The boom was made possible
by the continued development of new extraction techniques. While these techniques had
existed for some time, the cost of extraction had been too high for it to be profitable.
The increase in oil prices throughout the 2000s made drilling of shale oil competitive with
conventional techniques, and investment in unconventional oil started to boom.
Clearly, the method of oil extraction depends on the geology of the site. Conventional
oil well technology requires oil- and gas- bearing rock that is porous, such as sandstone
or washed out limestone. When crude oil forms in a permeable6 rock, gas will naturally
gather at the top of the reservoir and the crude oil will be trapped in the porous rock
underneath the gas cap. At the very bottom, there is water. The crude oil is pressurised
in the pores of the formation rock, so that when a well is drilled into the reservoir, the
formation pressure and the permeability of the rock naturally drives the hydrocarbons out
of the rock and up into the well. Conventional oil well technology can produce effectively
from these types of reservoirs, aided by the natural pressure and the permeability in the
reservoir. In practice, this involves drilling a conventional vertical well straight into the
reservoir and producing the oil that flows by itself into the well.7 The law of physics
governing the flow of fluid from two locations in a porous medium with different pressure
is known as Darcy’s law, c.f., Hubbert et al. (1956).
In contrast to a conventional oil reservoir, when crude oil is trapped in a rock formation
that has zero permeability, the natural pressure in the reservoir formation is not enough
to make the oil flow into the well once a well is drilled - because the oil is trapped in
small pockets inside the shale rock formation. Naturally, Darcy’s law of fluid flow also
applies to shale rock, but the zero permeability restricts the flow of fluid.8 These types
of reservoirs, often called tight oil reservoirs, require additional stimulation once the well
has been drilled. That is, a combination of hydraulic fracturing (or ”fracking”) combined
with horizontal drilling enables the oil to escape the rock formation. This explains why
the exploitation of unconventional oil brings about a chain of additional costly steps in
the extraction process relative to a conventional drilling technology.
For both conventional vertical wells and shale wells, however, the process of drilling a
well starts in a similar way: a rig drills a vertical well into the ground, to depths of up
to 10,000 feet. For conventional vertical wells, the rig will stop drilling at this point, and
5
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the well will be completed for production as a vertical well. In unconventional oil wells,
however, the well will be drilled further, but at an angle, creating a so-called “bend”.
This initiates the horizontal part of the well, which can extend up to 10,000 feet in the
horizontal direction. Before starting to produce, the well is encased with a metal pipe, a
so-called casing, throughout the well. This is done to keep the formation wall from caving
into the well bore and to be able to control the flow of oil to the well head. For shale
wells, the drilling rig and its crew leave the site at this point. The well must then be
completed, i.e. fracked by a fracking crew, in order to actually start producing. To start
up the well, the fracking crew arrives with a so-called “missile”, a manifold that is placed
on the well head to pump the fracking water and chemicals down into the well at high
pressure. Several large trucks with the enginge power to maintain the high pressure are
needed in this process, and in addition a blender truck that blends the chemicals, sand
and water together. The blender truck then sends the water mix to the missile, which
sends the mix down the well at very high pressure in order to crack the tight oil reservoir
formation open. When the formation is cracked open, the oil starts to flow up to the well
head at high pressure. The fracking process can take as little as 2-3 days to be completed,
after which the well will produce for months or years.9
A particular feature of oil extraction in North Dakota is that, while the conventional
oil boom that peaked in the 1980s was a vertical drilling boom, the recent unconventional
oil boom is a horizontal drilling boom, see e.g. Miller et al. (2008) for details. The main
reason for this relates to the thickness of the middle Bakken geological layer, which is
where most of the shale oil is extracted. The geological layer is at most 150 feet thick,
which is fairly thin for an oil producing zone, see e.g. Meissner (1984). This makes it
highly inefficient to produce by vertical wells, hence the well is drilled horizontally so more
of the wellbore can be exposed to the oil producing zone.
For both well technology types, the feasibility of varying well flow rates varies over
the lifetime of the well. In the initial phase, the oil will most often flow naturally to the
surface, aided by the pressure difference between the well head and the reservoir. The
most productive wells will produce naturally, without any aid, for years. In this phase,
varying the flow rate of the well is very costly, and rarely done. However, after this initial
phase, the well often needs some sort of artificial pumping unit to bring the oil to the
surface in sufficient quantities to make the well cover variable costs. Since shale wells
have a decline rate that is very high relative to conventional wells, the phase when the
well needs some sort of artificial lifting unit happens at a younger well age, relative to the
conventional vertical wells. Hence, this also increases the incentive to optimize the timing
of well completion.
Importantly, shale wells on average represent marginal production in terms of cost
level. Although marginal cost per barrel varies across wells, and over time with varying
9
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Figure 1. New wells over time.

Note: The number of new wells entered into production on a monthly frequency, separated into well
technology type. The blue dots represent conventional/vertical wells, and the red represent shale/horizontal
wells.

oil prices, the average marginal cost of shale oil production is estimated at about USD
60-70 per barrel. this is substantially higher than for conventional production, which is
20-50 percent lower, even in deep-water offshore fields.10

2.2

Well data

The data set was retrieved from the database of the North Dakota Industrial Commission
(NDIC), Oil and Gas Division. It provides production figures on a monthly frequency for
16,639 crude oil wells in North Dakota.11 The total data set was collected for the full time
period from 1952 until 2015. However, the sample period used in the analysis is limited
by the availability of future oil price series, and thus ranges from July 1986 to November
2015.
An important issue is how we can distinguish a shale well from a conventional well
in the database. As mentioned in Section 2.1, tight oil in North Dakota is found in thin
geological layers which can only be efficiently extracted with horizontal well technology
10
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Figure 2. North Dakota: Individual Wells

Note: Map of North Dakota plotting each individual oil well’s location since 1952 according to latitude
and longitude. The blue dots represent conventional/vertical wells, and the red represent shale/horizontal
wells.

(combined with hydraulic fracturing). Hence, the shale oil boom is a horizontal drilling
boom, while the conventional oil boom that peaked in the 1980s was a vertical drilling
boom. In the data we observe the drilling technology (horizontal vs. vertical) at well level
and can thus identify shale oil production by the drilling technology.
We limit our sample to active crude oil wells, but we also allow for one month with
zero production (shut in production) whenever this month is preceded or succeeded by a
month of positive output. The main advantage of this is that we exclude long time periods
of wells being left idle, but we retain the periods when wells are temporarily shut-in. Since
it is well known that some well operators shut in their wells temporarily when oil prices
are low, we believe that including these wells will yield better estimates of true supply
elasticity.
Figure 1 shows the complete history of monthly well entries in North Dakota dating
back to the first well which entered into production in 1952, while Figure 2 details all of
North Dakota’s crude oil wells from each well’s geographic coordinates within the state.
As can be seen from Figure 1, the recent boom in the number of wells entering into
production surpasses anything previously seen in North Dakota. Furthermore, the boom
is entirely caused by horizontal drilling and fracturing. We note from Figure 2 that the
density of wells is high, particularly in certain areas. The shale wells appear to be drilled
more closely together than conventional wells, often in an array-like pattern.
From the constructed data set, we observe that two-thirds of all wells are horizontal
shale wells. The average age of a horizontal well is 42 months, whereas the average age
8

of a conventional well is 252 months. This underlines a need to control for well age in
the analysis, see Table A.1 in the appendix for main summary statistics. Overall, there
are 489 operator firms that operated wells in the sample period, reflecting an industry
structure with many small and independent firms. The average number of wells completed
per firm in the sample period is 20 wells. However, the number of completions is highly
concentrated. More than 60 percent of firms only completed one to three wells during the
sample period, while a small fraction of firms completed more than 500 wells during the
sample period.

2.3

Well drilling, completion and production phase

In this paper, we study the timing of the decision to produce, which is the time when the
well is completed. Note that the timing of when to produce is different from the timing
of drilling the well. The reason is that wells are frequently drilled, but left uncompleted
for a some time. Once a well is completed, however, it starts producing. Figure A.1 in
the appendix presents the aggregate series of well drilling as well as completions in North
Dakota. The graph shows that while both variables share the same general pattern, their
dynamics are different. This is confirmed by the simple correlation between monthly
changes in completion activity and well drilling, which amounts to 0.05.
As explained above, the different types of geology in shale and conventional oil reservoirs require different extraction technology. As a result of the shale fracturing process
and the high pressure at which oil flows out of the fractured shale rock, the production
profile for shale wells differs from that of conventional wells, see Figure 3. The Figure
graphs the average monthly production rates for the two types of well technology, plotted
against well age. Table 1 displays some corresponding comparative statics. Two main
features stand out. First, the production profile of shale wells is heavily front-loaded relative to conventional wells. That is, the production rate of an average shale well is almost
four times as high in the first month of production as that of conventional wells. Second,
the average decline rate for shale wells is more than five times the average monthly decline rate for conventional wells, and within only 3-5 years the production rate is on the
same level as an average conventional well. Figure A.2 in the appendix, which shows the
share of total output from shale and conventional wells over the first five years of a well’s
lifetime, further confirms this picture. As the figure shows, a much larger fraction of a
shale well’s total output is produced in the first months of the well’s lifetime.
Finally, the productivity of wells, measured as the flow rate for the first month is also
different across geographies. This is mainly due to geological factors and the quality of
oil reservoirs. Figure A.3 in the appendix illustrates this feature of oil extraction well.
The figure displays the mean initial monthly flow rate of wells inside small geographic
units in North Dakota. The darker units are the most productive.12 Well productivity
12
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Figure 3. Production profiles of horizontal and vertically drilled wells

Note: Cross-sectional average of the monthly production rate of wells in the sample plotted against well
age measured in months, divided into average production for horizontal and vertical wells.

Table 1. Average monthly decline rates by well type
All months
First 12 months

All wells

Conventional

Shale

-0.005
-0.042

-0.003
-0.001

-0.016
-0.052

appears to be highest in the central part, in the counties of Mountrail and McKenzie.
There appears to be some spatial autocorrelation of well productivity, since the darkest
units rarely border the lightest units. This suggests that the main determinants of well
productivity are geological characteristics, which are spatially autocorrelated at this level
of disaggregation. Using a panel to analyse our question is clearly then an advantage. As
we can have well fixed effects, we can control for the geographic factors as well.

2.4

Oil price indices

The oil price series used in the analysis is the West Texas Intermediate (WTI) crude
oil price for delivery in Cushing, Oklahoma, provided by the Energy Information Administration (EIA). The futures prices at different time horizons are from the New York
Mercantile Exchange (NYMEX), and retrieved from Datastream.
We use the log difference between the futures price for a contract with delivery at time
t + j and the spot price to measure the expected rate of change in the price of oil going
j months ahead. Equivalently this is referred to as the futures curve slope for different
time horizons. If this measure is negative, we assume that the market expects the price
of oil to be lower j months from now than today’s spot price. If it is positive, the price

10

is expected to increase over j months.
Using futures prices to measure a firm’s price expectations is done for several reasons.
First, NYMEX futures are traded liquidly at the time horizons considered here, and with
many risk-neutral traders, the futures price should equal the expected future spot price.
Also, oil well operators are believed to use the futures market to make price projections.
The futures prices included in this paper are real prices, so that the annual expected price
change reflects real rather than nominal changes. In addition, the future prices on the
NYMEX marketplace are the reference prices that physical crude oil futures market can
actually be sold at in the physical market for crude oil for future delivery.

3

Empirical model and results

Our aim is to analyse to what extent oil producers respond to price incentives by changing
the well completion rate and oil production from wells. To do so we first analyse if firms
adjust the flow rate from existing wells in response to price incentives (intensive margin),
distinguishing between conventional and shale oil wells. Then we ask if firms optimise
the completion of new wells in response to price incentives (extensive margin), comparing
again the two types of well technology.
In all the analysis we make the assumption that the oil price is exogenous to the
monthly output of crude oil wells and number of wells put into production at time t in
North Dakota. This is plausible for several reasons. First, since there are about 500
firms in our sample, no single firm is able to exert any market power in the global market
for crude oil. Second, North Dakota is not a big player in the global oil market, and the
combined production of all firms is just over one million barrels of crude oil per day, which
is below one per cent of the global daily output of oil. Third, as noted by Kilian (2016),
the price of oil is largely determined in the global market, and the additional shale oil
production coming from the US in recent years is small compared to the size of the global
oil market.

3.1

Short term supply elasticity

We start by regressing the monthly percentage change in barrels produced per well in
North Dakota on two different price indices: the percentage changes in the spot price of
oil, and the percentage changes in the first month spot futures spread. While the first
price is the traditional indicator used for measuring supply elasticity, we use the latter
price indicator as a proxy for changes in the short-term expected price trend.
To this end, we estimate the short-run price elasticity of supply using the following
baseline panel data specification:
∆Qit = α0 + ∆Qit−1 + β1 ∆Pt + β2 ∆[Ft+1 − Pt ] + Xit γ + µi + λt + vit

11

(1)

where ∆Qit is the percentage change in the quantity of oil produced on a monthly frequency for well i at time t, ∆Pt is the percentage change in the WTI spot price, ∆[Ft+1 −Pt ]
is the change in the spread between the first month future contract price and the current
period spot price. The lagged dependent variable, ∆Qit−1 , is added to allow for well production changes to be autocorrelated. Xit captures time-varying controls, λt is included
to remove aggregate yearly changes in well output. Since the oil price is a macro-variable,
common to all firms at time t, it is not feasible to remove all monthly fixed effects and
still identify the effect of a monthly price change on output. For this reason, the model
includes year-fixed effects, while µi is included to remove any well fixed effects. Since
the model is in first differences, any well-specific characteristics such as the quality of the
well bore and geological characteristics are already removed. The first-differencing also
removes any time-invariant effects stemming from the drilling contractor firm or operator
firm. Hence, adding µi to the model removes all well-specific linear trends over the sample
period. This could be any well-specific trends in production, or well-specific technological
learning. vit is the idiosyncratic error term, which is allowed to be clustered on both
the month and well level. Since the oil price is a common shock potentially affecting all
wells at time t, we want to make sure that standard errors across wells within the same
time period are allowed to be correlated. Also, since a well may be more responsive in
certain periods of its life span, we want to allow errors to be correlated across time for
each individual well. Hence, by allowing for clustering on both dimensions, we do not
make the restrictive assumption that standard errors are i.i.d. across wells within the
same time period or within the same well over time. In our setting, the dynamic panel
bias which may be present for panels with small t is less of a concern, since t exceeds 300
time periods in our estimation.
We first estimate the parameters of the model independent of extraction technology,
and then we identify the shale wells by an indicator variable θi = [0, 1], so as to estimate
the technology-dependent parameters. Given our setup, the estimates of β1 and β2 will
capture the average response in monthly well output at time t to changes in the price level
and to changes in the expected price trend, respectively. Results from the estimation of
equation 1 are presented in Table 2. Parameters are estimated from a sample of 15,259
producing wells from July 1986 to November 2015. We report here on the main parameters
of interest. All parameters are displayed in Table A.2 in the appendix.
We report the pooled regression estimates of all wells (i.e., independent of well technology) in Column 1. From this we see that the point estimate of the response for all wells
to a percentage change in the spot price of oil at time t is positive at .043, close to the
short term supply response found in Anderson et al. (2014) for oil producers in Texas. It
is, however, not statistically significant at conventional levels, and thus echoes the results
in the literature that short-term supply elasticity for conventional oil wells is small or approximately zero. The output response to a shift in the short-term expected price trend is
however positive (0.075) and significant at the ten percent level. This strongly indicates
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Table 2. Supply elasticity by well type
(Unconditional)

(By well technology)

(By well technology)

∆[Pt ]

0.0431
(1.41)

0.0271
(0.78)

0.0353
(1.01)

∆[Ft+1 − Pt ]

0.075∗
(1.88)

0.00
(0.29)

0.00
(0.26)

0.056
(1.28)

0.041
(0.92)

0.205∗∗
(2.87)
No
No
15,155
1,188,227
1986-2015

0.195∗∗
(2.86)
Yes
Yes
15,155
1,188,227
1986-2015

Dep. var: ∆ Log Prodit

θi ∆[Pt ]

θi ∆[Ft+1 − Pt ]
W ellF E
Y ear F E
N o of W ells
N
T ime period

No
No
15,259
1,202,787
1986-2015

Note: All details are reported in Table A.2 in the appendix. t-statistics are in parentheses. * 10 percent
sign, ** 5 percent sign, *** 1 percent sign. Standard errors are clustered at the time and well level.

that producers are more responsive to forward-looking price indices than to shifts in the
current price level.
Moving to Column 2, we show the same pooled regression model but now add the
indicator variable θi for shale wells in order to estimate separate parameters according to
technology. As can be seen, now the responses of conventional wells to changes in the price
level become small and statistically insignificant. The same is true for the conventional
well response to changes in the spot future spread.
The coefficient for shale wells’ response to current price changes is somewhat larger
(0.056), albeit still not significant. However, the output response of shale wells to a shift
in the one-month spot future spread is now large and significant at the five percent level.
The immediate supply response to a ten percent increase in the spot future spread, or
short-term expected price trend, is to increase the monthly well flow by nearly two percent.
For an average shale well that has produced for less than a year, this means increasing
the monthly flow rate by nearly 110 barrels per day following a one standard deviation
increase in the spread. In Column 3, we add both well fixed effects and year fixed effects
to control for well-specific trends and year aggregate effects. As can be seen, allowing
13

for well-specific linear trends to be held constant, as well as aggregate yearly changes in
output, does not change the estimated coefficients noteworthily.
So far we have investigated supply elasticity with respect to spot prices and short-term
price changes only. The futures market for crude oil provides intertemporal price signals,
that producers also consider closely. In particular, producers may reduce/increase output
today when they expect prices a year from now to be higher/lower than today’s spot price.
To investigate more formally whether firms respond differently to shifts to long-term price
expectations, we add long-term future spreads to the baseline model. If the spread shifts
upwards, the price is expected to increase at a faster rate, while if it shifts downwards,
the rate of price growth is expected to be slower. If so, we should expect to see that shale
wells on average reduce output when spreads grow larger, while we expect no relationship
for conventional wells. The corresponding augmented model now reads:
∆Qit = α0 + ∆Qit−1 + β1 ∆Pt + β2 ∆[Ft+1 − Pt ] + β3 ∆[Ft+j − Pt ] + Xit γ + µi + λt + vit (2)
where we have added a term gauging the spot future spread at different time horizons, i.e.,
three-, six- and twelve-months spreads. Key results are presented in Table 3. Throughout,
we control for well and year fixed effects, as well as well age, but for brevity we omit them
from this table. Detailed results are reported in Table A.3 in the Appendix.
Starting with Column 1 in Table 3, we have, in addition to the same price indices as in
model 1, also added changes in the three-month spot future spread for both technologies.
As can be seen, the results from Table 2 are more or less reiterated in Table 3, although
the coefficient for shale wells’ response to the one-month spot future spread is slightly
reduced. For changes in the three-month expected price trend, however, the responses
for the two types of wells differ greatly. While conventional wells show no significant
response to a shift in the three-month spot future spread, wells using shale technology
respond negatively and significantly to the same positive shift in the price spread. The
negative response for shale wells could be consistent with below-ground speculative storage
behaviour by well operators. We will turn to this below.
In Column 2, we add instead the six-month expected price trend to the baseline model.
Again, the estimated effect of shifts in the one-month spot future spread are found to be
close to previous results. However, as can be seen, there is again a large negative response
for shale wells to shifts in the longer term spot future spread, with no response from
conventional wells. Hence, we believe that well operators also effectively use the ground
as a storage facility at the six-month horizon when price growth is expected to be higher,
or increase production when price growth is expected to be lower. Finally, in the last
Column, the twelve-month spread is added to the baseline model. Again, shale well
operators respond negatively to a positive shift in the twelve-month spot future spread,
while no significant response is found for conventional wells.
Overall, conventional oil wells respond insignificantly to the price indices included in
our models. Shale wells, however seem to respond positively to increases in short-term
14

Table 3. Supply elasticity with forward-looking prices
(3-month horizon)

(6-month horizon)

(12-month horizon)

.051
(1.69)
-.054
(-1.20)
.013
(.35)
.15∗∗∗
(3.04)
.002
(.01)
-1.456∗∗∗
(-3.31)

.044
(1.26)
-.053
(-1.11)
.005
(.14)
.16∗∗∗
(3.22)

.032
(0.82)
-.05
(-.88)
.005
(0.14)
.19∗∗∗
(3.44)

Dep. var: ∆ Log Prodit
∆[Pt ]
θi ∆[Pt ]
∆[Ft+1 − Pt ]
θi ∆[Ft+1 − Pt ]
∆[Ft+3 − Pt ]
θi ∆[Ft+3 − Pt ]
∆[Ft+6 − Pt ]

.057
(.30)
-.85∗∗∗
(-2.83)

θi ∆[Ft+6 − Pt ]
∆[Ft+12 − Pt ]
θi ∆[Ft+12 − Pt ]
N o of W ells
N
T ime period

15,155
1,188,227
1986-2015

15,155
1,188,227
1986-2015

-.031
(.25)
-.464∗∗
(-2.13)
15,155
1,188,227
1986-2015

Note: All details are reported in Table A.3 in the appendix. t-statistics are in parentheses. * 10 percent
sign, ** 5 percent sign, *** 1 percent sign. Standard errors are clustered at the time and well level.

expected price trends, but negatively to increases in longer-term expected price trends.
The results strongly indicate that shale wells are more price-elastic than conventional
wells. Additionally, it appears that firms exploit the inherent flexibility of shale technology
to allocate production volumes intertemporally and to engage in short-term below-ground
storage.
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3.2

Well completion - firm level analysis

Having analysed the response of well production to price signals, we want to examine if
firms’ decision to enter new wells into their stock of producing wells is also affected by
price signals. The decision to complete a well is equivalent to exercising the real option to
produce, since this is the actual start of production from a well. Completed wells at time
t are defined as having had their first month of production in month t, which is the time
of well completion. Figure 4 motivates such a study. It shows a correlation plot of the
twelve-month spot future spread against the monthly number of well completions (in logs)
since January 2009. The left plot shows the relationship for monthly conventional well
completions and the right plot for shale well completions. As can be seen, the monthly
completions of shale wells are strongly negatively correlated with the twelve-month spot
future spread. Conventional well completions, however, have a zero correlation and show
no such relationship.
The negative correlation between monthly shale well completions and the annual spot
future spread implies that shale firms reduce/increase the monthly number of wells they
complete when the future curve is upward/downward sloping. The vertical pattern in
the scatter plot is due to the low number of conventional wells completed during this
period. Therefore, in order to check if there is any relationship when including a larger
number of observations, we have constructed the same plot including all conventional wells
since 1983. Figure A.4 in the Appendix shows this plot, which strongly suggests that a
negative relationship has never existed between monthly conventional well completions
and the annual price spread.
Hence, if there is a negative relationship between firms’ monthly well completions and
an increase in the medium- to long-term spot future spread, it implies that firms reduce
the rate of completions when the future spot price is expected to be higher than the spot
price today, effectively leaving oil in the ground awaiting a higher expected price. To
test this more formally, we set up a firm-level panel data model. In order to identify the
potential heterogeneous effect of changes in some price indices on firms’ well completion
rate, depending on the use of shale technology vs. conventional extraction technology,
we calculate each firm’s share of shale wells as a fraction of its total stock of producing
wells, and denote this θ. This measure proxies how much shale acreage a firm has access
to and the intensity of shale technology in its stock of wells. This measure is between
zero and one, and it varies both between firms and within firms over time. Figure A.5
in the Appendix details the time-varying share of shale wells for a sample of 20 firms in
our data. As can be seen, many of the firms used both shale and conventional technology
during the sample period. Still, a majority of the 20 firms depicted transitioned quite
heavily towards shale technology.
Since the regression model predicts well completions in first-differences, any stable
confounding firm characteristics or firm fixed effects are removed. This addresses the
issue that, for example, different types of firms could be using different technology. It also
16

Figure 4. Monthly well completions and expected annual oil price change

Note: The Figure shows the correlation between expected annual change in the price of
crude oil (spread between the twelve-month future contract and the spot contract) and the
mean monthly well flow of conventional oil wells (left) and shale oil wells (right). The
time period is 1.2009-11.2015.
removes firms with zero change in extraction technology during the sample period from
the estimation. Other stable confounders include firm ownership structure, average size,
location of headquarters or access to capital markets. Since we nevertheless include firm
fixed effects in the estimation, we also remove any firm-specific trends in well completions,
such as particular firms having adapted the new technology at a faster rate than others,
or firm-specific trends in cost levels, revenues or any other non-observable trends. The
between-firm variation of firms’ shale share allows us to add monthly fixed effects and
thus remove the common trend in firms’ use of shale technology in North Dakota since the
technology arrived. Combined, this enables us to identify whether firms using more shale
technology than the average firm at time t change their well completion rate in response
to the same price shocks differently from firms with less exposure to shale technology.
To define the slope coefficient of interest, we do as follows. Let ∆Ẇit be the withinfirm change in the monthly number of completed wells by firm i, demeaned to remove any
unobserved firm-level trends. From this, we also remove the monthly fixed effects, i.e., the
average change in well completions across firms at time t; denoted ∆W̄t . Consequently,
∆Ẅit is the (remaining) variation in firm-level well completion rates:
∆Ẅit = ∆Ẇit − ∆W̄t
Furthermore, let θ̇it−1 be the demeaned within-firm variation in the fraction of wells that
17

are shale wells at time t-1 and θ̄t−1 the average share of shale wells across all firms at
time t-1. Figure A.5 in the appendix details the evolution of θi for a selected group of
companies over the sample time horizon.13 As in the case of well completions, removing
the monthly fixed effects amounts to subtracting the average firm’s shale share in period
t-1, so that θ̈it−1 = θ̇it−1 − θ̄it−1 . Assume P to be some measure of price. The slope that
we are interested in estimating is then
β=

∂(∆Ẅit )
∂(θ̈it−1 )P

The coefficient captures the marginal response of firm i ’s well completions (relative to
the average firm’s well completions) to a price change, depending on the share of shale
wells used in extraction by firm i relative to the average firm’s shale well share. Assuming
the price index used is the spot future term spread, a negative slope would indicate that
when a firm has a higher than average share of shale wells in its stock of producing wells,
a positive price spread induces the firm to reduce well completions relative to the average
firm’s completions. The full empirical specification will then be
∆Ẅit = α0 + ∆Ẅit−1 + β1 θ̈it−1 [Ft+1 − Pt ] + β2 θ̈it−1 [Ft+j − Pt ] + Xit + it

(3)

where ∆Ẅit is the within-firm percentage change in the monthly number of completed
wells in North Dakota, relative to the average firm’s completions at time t. Ft+1 −Pt is the
one-month spot future spread, and Ft+j − Pt is the spot futures spread j months ahead.
In the estimations, we will use the rate of expected price change three-, six-, twelve- and
18- periods ahead. Xit are time-varying firm-level controls and it is the error term, which
is allowed to be clustered at the time and firm level.
Table 4, Column 1 shows the results for the three-month spot future spread when
utilising the full sample of 366 firms for the time period from 1986 to 2015. The effect
of a one standard deviation positive shock in the three-month spot future spread induces
a firm to reduce its monthly well completion rate immediately by almost five percent.
Hence, firms appear to respond significantly to the slope of the three-month future curve,
and more so the more intensively they use shale technology.
In Columns 2, 3 and 4 we explore the effects across longer term structures. The response from firms’ monthly well completions are significant and negatively associated with
the price spread for each of the time horizons, confirming the initial negative relationship depicted by the simple correlation in Figure 4. By symmetry, the sign of the point
estimates indicate that when the term spreads are negative and the oil market is in backwardation, firms respond by immediately increasing their monthly well completions by
the same magnitudes. These estimates indicate that firms respond to the term structure
of oil prices by adjusting the rate of completion. The size of the existing stock of wells
in the previous period for a firm predicts weakly, but not economically significantly, the
13

We use the share at time t-1, since otherwise the measure will contain completed wells in period t.
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Table 4. Firm panel: monthly well completions
(3-month hor.)

(6-month hor.)

(12-month hor.)

(18-month hor.)

θit−1 [Ft+1 − Pt ]

.063
(0.94)

.073
(1.10)

.078
(1.17)

.084
(1.10)

θit−1 [Ft+3 − Pt ]

-.477∗∗∗
(-2.78)

Dep. var: ∆Wellsit

-.28∗∗∗
(-3.28)

θit−1 [Ft+6 − Pt ]

-.17∗∗∗
(-3.05)

θit−1 [Ft+12 − Pt ]

θit−1 [Ft+18 − Pt ]
T ime F E
F irm F E
N
F irms
T ime period

Yes
Yes
57187
366
1986-2015

Yes
Yes
57187
366
1986-2015

Yes
Yes
57187
366
1986-2015

-0.136∗∗
(-2.91)
Yes
Yes
57187
366
1986-2015

Note: All details are reported in Table A.4 in the Appendix. t-statistics are in parentheses. * 10 percent
sign, ** 5 percent sign, *** 1 percent sign. Standard errors are clustered at the time and well level.

change in current period well completions. Throughout the regression results, the shortterm price spread is insignificant as explanatory variable for monthly well completions.
This indicates that producers are forward-looking and are less concerned about the price
spread variation in the very short term.
To sum up, we have documented that shale wells reduce/increase the number of new
wells (extensive margin) they add to the stock of producing wells substantially today
when the long-term (three-, six-, twelve- or 18-months) future curve is upward sloping/downward sloping. The numbers are not trivial. For a ten percent increase in the
twelve-month spot future spread, producers respond by reducing the number of wells they
complete by an average of eight wells. This is equivalent to holding back about 80,000 barrels of daily crude oil production from the market. We find no evidence of such dynamics
for conventional oil producers.
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4

Robustness

We analyse robustness along several dimensions. All results can be viewed in Table A.5
in the appendix. In all the estimations, we regress the number of wells completed on the
one-month and the six-month price spreads.
First, as discussed above, the number of wells completed across firms in the sample
period is highly concentrated, with 60 percent of firms having completed only one to
three wells during the sample period. Since a large portion of the firms in North Dakota
are small units operating only one or two wells, a substantial share of the firms included
in the main regression show little variation in the monthly number of wells completed.
Therefore, in order to achieve a quantitatively more correct estimate of the effect of the
price spread on firms’ completions, we exclude firms that have completed two or fewer
wells during the sample period. Many of these firms are non-professional, family-owned
firms, adding up to a total of 145 firms. Results can be viewed in Column 1 in Table
A.5, where we regress the number of wells completed on the six-month and one-month
price spread. As can be seen, excluding this portion of firms increases the marginal effect
of a unit increase in the six-month price spread by about 50 percent compared with the
baseline regression. For a ten percent increase in the six-month price spread, firms with
only shale wells reduce the number of wells they complete by an average of 3-4 percent
relative to the average monthly change in the number of wells completed by all firms. Also
for the one-month price spread there is a significant, positive response by firms, indicating
that they increase the completions when the short-term spread increases.
Another concern is that the estimates we obtain for shale firms are not due to the
intensity of shale technology used within the firm, but rather the average difference in
responses between highly specialised shale firms and specialised conventional firms. In
order to address this, we exclude firms in periods when they have a shale well share
equal to one, or at the time they became specialised shale firms. Column 2 displays the
results. The coefficient for the six-month price spread increases in magnitude relative to
the baseline, which strongly indicates that the effect of a price spread on firms’ monthly
well completions is strongest for the firms that have both conventional and shale well
technology within the firm. Also, the magnitude of the response to the one-month price
spread is larger.
A third concern is that there may be regulatory shocks in certain time periods that
only affect shale wells. For this to bias estimates, the shale-specific shocks would also have
to be correlated with oil price changes. An example of such a shock could be regulation
concerning the amount of water and chemicals allowed for use in the fracking operations.
Such shale well specific time fixed effects would, if not controlled for, end up in the error
term as an omitted variable. In order to address this concern, we add time fixed effects
interacted with the average share of shale wells across firms, but within the same time
period. This will allow the aggregate time fixed effects to have a differential impact,
depending on the share of shale wells across firms in the time period. As can be seen in
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Column 3, the coefficient on the six-month price spread is still significant and large. The
one-month price spread is also large and significant when controlling for the shale specific
time fixed effects.
Finally, we want to obtain estimates of the effect of the price spread on firms’ completions during the phase when shale technology was widely adapted and firms completed
many wells. After all, it is in this period that shale technology was most widespread in
North Dakota. Therefore, in the last column of Table A.5, we restrict the sample period
analysed to start in January 2009. At the same time, we exclude the 20 percent of firms
that only completed one or maximum two wells during this period. An advantage of
obtaining estimates for this period is that we remove the one time effect of the large oil
price shock in 2008 on our coefficients. As can be seen, it is in the time period where
shale technology was the most widely used and for firms that were the most active, that
the effect is the strongest. For a 10 percent increase in the six-month price spread, firms
on average reduce their completions by more than 11 percent in this time period. By
symmetry, the same firms increase the completion of wells if the price spread declines by
10 percent.

5

Interpretation - The hotelling rule

Are the reported results for shale oil producers in line with Hotelling (1931)’s model
of optimal exhaustible resource extraction? Reserves are an inventory, and as such the
decision to produce is an intertemporal choice of when to convert below-ground inventory
to above-ground inventory, stored in pipelines, oil terminals and refinery facilities.
The Hotelling (1931) model assumes resource owners are forward-looking and maximise wealth by trading extraction today for extraction in the future. An implication
of the model is that in a simple equilibrium with no production cost or risk, expected
price growth for exhaustible commodities such as crude oil matches the opportunity cost
of storage - that is, the nominal interest rate (r). Crucially, Hotelling’s price path is
only achieved when producers enjoy complete flexibility regarding when to produce. This
is hard to reconcile with conventional oil production (see for instance Anderson et al.
(2014)). Our empirical results, however, indicate that the degree of output flexibility
depends on the technology applied and that firms using shale oil technology are more
flexible in allocating output intertemporally. For producers to fully comply with the classic theory, one should then observe that production is reduced to zero when expected
price growth exceeds the nominal interest rate, and vice versa when prices are expected
to grow below the risk-free rate. Although well flow rates in our data are rarely reduced
to zero, using the futures price as a proxy for the expected spot price, our results indeed
suggest that shale well technology allows producers to allocate production more in line
with what the classic Hotelling theory predicts as the optimal response to deviations from
the Hotelling price path.
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Figure 5. Expected net price growth and shale well output

Note: Twelve-month spot future spread net of annual risk-free interest rate on x-axis,
mean shale well output (log) on y-axis.
To relate more directly to Hotelling’s optimal extraction rule, we construct price indices
net of interest rates.14 Such a measure should capture short-term expected deviations from
the Hotelling price path. To achieve this, we define expected annual price growth net of
interest rates as the twelve-month spot future spread less the three-month US treasury
rate, annualised to reflect the expected return from putting one dollar into bonds for a
year, as opposed to deferring output equal to one dollar and earning an expected return
equal to expected annual price growth. Still, as the risk-free interest rate since 2008 has
remained close to zero, we expect the results to show similar patterns as in the main
analysis reported in Section 3.
And they do. As can be seen from Figure 5, when expected annual price growth
exceeds the nominal interest rate, shale oil wells in North Dakota on average have a
reduced flow rate. However, when expected annual price growth is below the nominal
interest rate or negative, shale wells on average have a higher flow rate. The pattern
shown in Figure 5 is consistent with Hotelling’s theory of how resource extraction firms
should respond to deviations from Hotelling’s price path. To show this more formally, we
also construct net oil price spreads for the three- and six-months horizons (in addition
to the twelve-month horizon),15 and reiterate the results from Table A.3. The results are
shown in Table A.6 in the appendix. As expected, the results are very similar to the
14

Note, however, that the interest rate remains fairly constant and is close to zero during much of the
sample.
15
As a proxy for the interest rate, we use the effective federal funds rate, compounded to match the
twelve-month and six-month spreads.
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baseline results, confirming that results for shale firms can be interpreted in line with
Hotelling’s optimal extraction rule.

6

Conclusion

This paper has shown that output flexibility in oil production depends on the extraction
technology. Furthermore, we have quantified large and substantial differences in the
flexibility of crude oil output between conventional and shale oil wells in the North Dakota
oil patch. When the price one year ahead is expected to be higher than today’s price,
operators of shale wells reduce the number of wells they put into production and the output
rate from producing wells. Conversely, when the price one year ahead is expected to be
lower than today’s price, operators increase the number of wells they put into production
and the output rate from producing wells. We find no such evidence for conventional oil.
Furthermore, we document that the output pattern of shale oil wells is consistent with
the Hotelling theory of optimal extraction. For the behaviour of conventional oil wells,
we find no such evidence.
This study is the first to investigate the output elasticity of tight oil production and to
compare it with conventional oil production. As the share of unconventional oil production
increases, it is important to have good estimates of output elasticity. It is also necessary
to have knowledge about the production behaviour of shale oil in general, as it may affect
a wide range of outcomes such as local labour market dynamics, tax policies, oil supplies
and prices.
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Appendices
Appendix A

Tables and Figures

Table A.1. Summary Statistics: This table provides summary statistics for the time
series of monthly data, the cross-section of wells, and individual observations on wellmonth level. Mean well production is in barrels per month
Time Series
Start
1986-07-01
End
2015-11-01
No. of months
352
Mean well production
1747.1
Mean log change well production
-0.019
Mean well completions per firm
0.2
Mean spot price
54.25
Mean price change
-0.0059
Mean Twelve-month spread
-0.002

St.dev

Min

Max

2141.3
0.579
1.2
25.03
0.09
0.06

0
-5.46
0
11.15
-0.41
-0.19

45201.5
5.93
32.1
126.22
0.44
0.228

St.dev

Min

Max

3006.9 0
0.69 -9.12
32 0

45201
9.59
163

Total cross-section
No. of wells
No. of pools
No. of firms
No. of fields
Observations

15,485
34
489
590
1,256,191

Shale wells
No. of wells
Mean well production (bls)
Mean change well production
Mean well age (months)

11,735
3350.7
-0.029
42

Conventional wells

St.dev

No. of wells
Mean well production (bls)
Mean change well production
Mean well age (months)

3,750
684.1
-0.013
252
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Min

Max

1330.9 0
0.49 -7.43
88.5 0

23028
9.4
682

Table A.2. Supply elasticity by well type
(Unconditional)

(By well technology)

(By well technology)

∆ Log Prodt−1

-.335∗∗∗
(-74.23)

-.335∗∗∗
(-73.98)

-.338∗∗∗
(-71.61)

Well ageit

0.00∗∗∗
(13.33)

.00∗∗∗
(12.28)

.012
(1.20)

∆[Pt ]

0.0431
(1.41)

.0271
(.78)

.0353
(1.01)

∆[Ft+1 − Pt ]

.075∗
(1.88)

.00
(.29)

.00
(0.26)

.056
(1.28)

.041
(.92)

.205∗∗
(2.87)
No
No
15,155
1,188,227
1986-2015

.195∗∗
(2.86)
Yes
Yes
15,155
1,188,227
1986-2015

Dep. var: ∆ Log Prodit

θi ∆[Pt ]

θi ∆[Ft+1 − Pt ]
W ellF E
Y ear F E
N o of W ells
N
T ime period

No
No
15,259
1,202,787
1986-2015

Notes: t-statistics are in parenthesis. * Significantly different from zero at the 90% level, * 95% level, *** 99%
level. The dependent variable is the monthly percentage change in the production by well i. Well ageit is the
number of months since the first production month for well i at time t. ∆[Pt ] is the percentage change in the
spot price of oil from time t-1 to t, while the spot future spread ∆[Ft+j − Pt ] is the percentage change in the
difference between the future price at time horizon j and the spot price at time t. θi is an indicator variable
equal to one for wells using shale technology.
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Table A.3. Supply elasticity with forward-looking prices
(3-month horizon)

(6-month horizon)

(12-month horizon)

-.338∗∗∗
(-71.63)
.013
(1.39)
.051
(1.69)
-.054
(-1.20)
.013
(.35)
.15∗∗∗
(3.04)
.002
(.01)
-1.456∗∗∗
(-3.31)

-.338∗∗∗
(-71.53)
.012
(1.30)
.044
(1.26)
-.053
(-1.11)
.005
(.14)
.16∗∗∗
(3.22)

-.337∗∗∗
(-73.65)
.001
(0.82)
.032
(0.82)
-.05
(-.88)
.005
(0.14)
.19∗∗∗
(3.44)

Dep. var: ∆ Log Prodit
∆ Log Prodt−1
Well ageit
∆[Pt ]
θi ∆[Pt ]
∆[Ft+1 − Pt ]
θi ∆[Ft+1 − Pt ]
∆[Ft+3 − Pt ]
θi ∆[Ft+3 − Pt ]
∆[Ft+6 − Pt ]

.057
(.30)
-.85∗∗∗
(-2.83)

θi ∆[Ft+6 − Pt ]
∆[Ft+12 − Pt ]
θi ∆[Ft+12 − Pt ]
N o of W ells
N

15,155
1,188,227

15,155
1,188,227

-.031
(.25)
-.464∗∗
(-2.13)
15,155
1,188,227

Notes: t-statistics are in parenthesis. * Significantly different from zero at the 90% level, * 95% level, *** 99%
level. The dependent variable is the monthly percentage change in the production by well i. Well ageit is the
number of months since the first production month for well i at time t. ∆[Pt ] is the percentage change in the
spot price of oil from time t-1 to t, while the spot future spreads ∆[Ft+j − Pt ] is the percentage change in the
difference between the future price at time horizon j and the spot price at time t. θi is an indicator variable
equal to one for wells using shale technology.
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Table A.4. Firm panel: monthly well completions
(3-month hor.)

(6-month hor.)

(12-month hor.)

(18-month hor.)

∆ Wellsit−1

-.472∗∗∗
(-23.04)

-.472∗∗∗
(-23.03)

-.472∗∗∗
(-23.04)

-.471∗∗∗
(-22.55)

Stock of wellst−1

-.00582
(-1.92)

-.00586
(-1.94)

-.00594∗
(-1.97)

-.00702∗
(-2.07)

θit−1 [Ft+1 − Pt ]

.0636
(0.94)

.0736
(1.10)

.0784
(1.17)

.0844
(1.23)

θit−1 [Ft+3 − Pt ]

-.476∗∗
(-2.78)

Dep. var: ∆ Wellsit

-.281∗∗
(-3.28)

θit−1 [Ft+6 − Pt ]

-.173∗∗
(-3.05)

θit−1 [Ft+12 − Pt ]

θit−1 [Ft+18 − Pt ]
T ime F E
F irm F E
N
F irms
T ime period

Yes
Yes
57187
366
1986-2015

Yes
Yes
57187
366
1986-2015

Yes
Yes
57187
366
1986-2015

-.136∗∗
(-2.91)
Yes
Yes
57187
366
1986-2015

Notes: t-statistics are in parenthesis. * Significantly different from zero at the 90% level, * 95% level, *** 99%
level. The dependent variable is the monthly percentage change in the number of wells completed by firm i.
Stock of wellst−1 is the number of wells operated by firm i at time t-1. θit−1 ∆[Ft+j − Pt ] is the percentage
change in the difference between the future price at time horizon j and the spot price at time t, interacted with
the share of shale wells in the total stock of wells at time t-1 .
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Table A.5. Firm panel: Robustness
(Excl.¡20%)

(Excl. shale=1)

(Shale-spec. shocks)

(Post-2008)

∆ Wellsit−1

-.472∗∗∗
(-23.02)

-.463∗∗∗
(-21.06)

-.471∗∗∗
(-23.04)

-.460∗∗∗
(-18.71)

Stock of wellst−1

-.00492
(-1.53)

-.00319
(-0.91)

-.00512
(-1.59)

-.0481∗∗∗
(-4.78)

θit−1 [Ft+1 − Pt ]

.175∗
(2.24)

.312∗
(1.99)

.120
(1.87)

.284∗∗
(2.09)

θit−1 [Ft+6 − Pt ]

-.340∗∗
(-2.62)
Yes
Yes
221
41554
1986-2015

-.612∗∗
(-2.18)
Yes
Yes
325
53061
1986-2015

-.347∗∗
(-2.83)
Yes
Yes
353
57187
1986-2015

-1.135∗∗
(-2.93)
Yes
Yes
112
8353
2009-2015

Dep. var: ∆ Wellsit

T ime F E
F irm F E
F irms
N
T imeperiod

Notes: t-statistics are in parenthesis. * Significantly different from zero at the 90% level, * 95% level, *** 99%
level. The dependent variable is the monthly percentage change in the number of wells completed by firm i.
Stock of wellst−1 is the number of wells operated by firm i at time t-1. θit−1 ∆[Ft+j − Pt ] is the percentage
change in the difference between the future price at time horizon j and the spot price at time t, interacted with
the share of shale wells in the total stock of wells at time t-1 .
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Table A.6. Hotelling: Response to net oil price changes
(1)

(2)

(3)

-0.338∗∗∗
(-71.63)
0.001
(1.39)
0.051
(1.69)
-0.054
(-1.21)
0.012
(0.35)
0.153∗∗
(3.03)
0.004
(0.01)
-1.456∗∗∗
(-3.30)

-0.337∗∗∗
(-73.62)
0.00∗∗∗
(4.42)
0.036
(1.02)
-0.054
(-1.04)
0.008
(0.21)
0.168∗∗
(3.29)

-0.335∗∗∗
(-73.95)
0.00∗∗∗
(12.03)
0.032
(0.81)
-0.035
(-0.59)
0.005
(0.14)
0.193∗∗∗
(3.46)

Dep. var: ∆ Log Prodit
∆ Log Prodt−1
Well ageit
∆[Pt ]
θi ∆[Pt ]
∆[Ft+1 − Pt ]
θi ∆[Ft+1 − Pt ]
Net ∆[Ft+3 − Pt ]
Net θi ∆[Ft+3 − Pt ]
Net ∆[Ft+6 − Pt ]

0.043
(0.23)
-0.816∗∗
(-2.65)

Net θi ∆[Ft+6 − Pt ]
Net ∆[Ft+12 − Pt ]
Net θi ∆[Ft+12 − Pt ]
N o of W ells
N
T ime period

15,155
1,188,227
1986-2015

15,155
1,188,227
1986-2015

0.0321
(0.26)
-0.451∗∗
(-1.98)
15,155
1,188,227
1986-2015

Notes: t-statistics are in parenthesis. * Significantly different from zero at the 90% level, * 95% level, *** 99%
level. The dependent variable is the monthly percentage change in the production by well i. Well ageit is the
number of months since the first production month for well i at time t. ∆[Pt ] is the percentage change in the
spot price of oil from time t-1 to t, while the spot future spreads ∆[Ft+j − Pt ] is the percentage change in the
difference between the future price at time horizon j and the spot price at time t. θi is an indicator variable
equal to one for wells using shale technology.
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Figure A.1. Drilling and completions.

Note: The figure shows the number of wells drilled (dashed line) and completed (solid line) each month,
2009-2015.
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Figure A.2. Share of total production and well age

Note: The curves show the average fraction of well output occurring in each month proportional to the
aggregate production over the first 60 month on the y-axis against the well lifespan measured in months
on the x-axis, for the two types of well technology. The red curve shows the shale wells and the blue
curve the conventional. The area under each curve is a density and sums to one.

33

Figure A.3. Well productivity across geographies

Note: The Figure shows the initial production rate averaged by each quadratic geographic
unit. Darker means more productive. The geographic units are constructed using a 25
time 25 array raster covering all producing wells in North Dakota.
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Figure A.4. Conventional completions and 12 month spot future spread, 1983-2015

Note: The Figure shows the correlation between the expected change in the price of
crude oil (spread between twelve-month future contract and the spot contract) and the
number of conventional oil wells completed each month (corr.coef = -.12) from 12.1983
to 11.2015.
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Figure A.5. Transition path to shale technology for 20 firms

Note: The plots show the evolution of the share of shale wells in the total stock of wells, θi , for 20 firms
for the sample time horizon.
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