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Executive Summary
This report seeks to quantify the impact of recent technological advances in shale (tight) oil and gas
production, and to provide a realistic assessment of the future production profile in the vast majority of
tight oil and shale gas plays in the United States.
Technology to produce oil and gas from very low permeability (shale) reservoirs has indeed been a game
changer. The relative predictability of reservoir properties over fairly wide areas—though not ubiquitous—
coupled with precision drilling techniques, means that there are now few dry holes. U.S. oil and gas
production has reached record highs as a result of applying technology and massive volumes of inputs
to shale plays. Nonetheless, oil and gas from shale are finite resources. The ten plays reviewed in this
report represent 93% of U.S. shale gas and tight oil production, and it is unlikely that there are other
significant ‘bonanzas’ left to be found. Therefore, the key question for industry, policymakers, investors,
and residents in areas where drilling occurs is this: For how long can we expect technological
improvements to overcome geological limitations?
‘Better’ technology consists mainly of longer horizontal laterals, larger volumes of injected water and
proppant, and more sophisticated additives and completion techniques. Multi-well pad drilling has
boosted efficiencies in terms of surface infrastructure and reduced the surface footprint. Together,
these innovations have lowered costs and allowed the resource to be extracted with fewer wells, but
have not significantly increased the ultimate recoverable resource.
Since 2012, horizontal lateral lengths have increased by 44% on average to 7,404 feet, although lateral
lengths vary by play from a low of 5,548 in the Barnett to a high of 9,864 in the Bakken. A few
horizontal laterals have exceeded 20,000 feet. Total water volume injected per well across all plays has
increased 252% on average, or more than three-fold, to 12.2 million gallons, although in the Permian
Basin total water volume per well has increased more than six-fold since 2012. Some wells have had
much higher volumes injected, occasionally exceeding 40 million gallons—the equivalent of 60 Olympicsized swimming pools or 2.5 million showers.1 As a result, even though the number of wells drilled has
fallen in shale plays since 2012, total water consumption has increased by 133% to 121 billion gallons
in 2018, nearly half of which was used in the Permian Basin. Injection per horizontal lateral foot has
increased by 145% on average since 2012, to 1,645 gallons of water and 1,645 pounds of proppant,
although this varies by play up to 2,720 gallons of water per foot in the Haynesville. Individual wells
have injected much larger volumes.

1 The Water Research Foundations, “Residential End Uses of Water, Version 2,” retrieved April 9, 2019;
http://www.waterrf.org/Pages/Projects.aspx?PID=4309.
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Figure ES-1. Average horizontal lateral lengths, water injection volume, and water injection per
horizontal lateral foot of shale wells drilled in 2018 compared to 2012; average water and
proppant delivery trips per well drilled in 2018.
One pound of proppant is generally used for each gallon of water injected.

The increase in horizontal lateral length and water and proppant injection volumes mean that a 2018 well
can access 2.6 times as much reservoir rock, on average, as a 2012 well. Tight oil plays have seen
somewhat more improvement than shale gas plays, at three times and 2.2 times, respectively (Permian
Basin wells have increased more than four times). This has increased well productivity significantly in most
plays and lowered costs. As a result, effective drilling rates in terms of 2012-equivalent wells are at alltime highs, even though the actual drilling rate has fallen from 2012 levels to 9,975 wells in 2018.
These technological improvements, however, don’t change the fundamental characteristics of shale
production, they only speed up the boom-to-bust life cycle.

Figure ES-2. The lifecycle of shale plays.
Plays like the Barnett, which just a decade ago were the scene of frenzied drilling activity, are now essentially finished
and in terminal production decline.
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The high decline rate of shale wells mean that high levels of drilling and capital input are needed to
maintain production, let alone increase it. Figure ES-3 summarizes some of the challenges related to
maintaining tight oil and shale gas production in the U.S., while Table ES-1 provides summary statistics
from this report for each play surveyed.
General trends include:


The production weighted 3-year decline rates of tight oil and shale gas wells are 87% and 78%,
respectively.



Play decline rates without new drilling are 26% per year for tight oil and 30% per year for shale
gas.



In order to keep production flat at late-2018 production rates, 5,399 new wells per year are
required for tight oil and 2,335 wells for shale gas. Together these amount to an expenditure of
$52.3 billion per year to offset field declines, of which 72% is for tight oil.2



The total drilling costs for 2018 are estimated at $70 billion for 9,975 wells, 77% of which was
devoted to tight oil plays and 23% to shale gas plays.



Of the $54 billion spent on tight oil plays in 2018, 70% served to offset field declines and 30%
to increase production. In the case of shale gas, 90% of the $16 billion spent in 2018 served to
offset field declines and 10% to increase production.

Figure ES-3. Well and play decline rates, number of new wells needed to maintain production,
and the percentage of production costs needed to offset declines.

At 2018 drilling rates, both tight oil and shale gas production will continue to grow. But shale gas and
tight oil, while still representing a significant resource, are ultimately finite and deplete quickly.
Declining well productivity in some plays, despite application of better technology, are a prelude to what
will eventually happen in all plays: production will fall as costs rise. Assuming shale production can grow
forever based on ever-improving technology is a mistake—geology will ultimately dictate the costs and
quantity of resources that can be recovered. Future energy policy must be based on this reality.

2

This is for drilling costs only, and does not include other costs such as leasing, management overhead, etc.
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Table ES-1. Decline rates, wells needed, drilling costs, play stage and play production prognosis.
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1. Introduction
Oil and gas production in the United States has increased to record levels over the past decade due to
the advent of new technology which has allowed the exploitation of previously inaccessible shale
reservoirs. Shale and other tight (low permeability) rocks are the source rocks from which conventional
oil and gas, which forms most of the world’s supply, has migrated.
As recently as 2005, oil and gas production in the U.S. was thought to be in terminal decline. Prices
spiked to $140 per barrel in 2008 and gas prices spiked to over $12 per thousand cubic feet (mcf). The
‘shale revolution’, made possible with high-volume hydraulic fracturing (‘fracking’) coupled with very
precise directional drilling, changed all this. George Mitchell is credited with perfecting fracking in the
Barnett Shale of east Texas in the 1990s.3 Fracking has been widely deployed in other shale plays since
the latter half of the last decade.

Illustration of horizontal drilling and hydraulic fracturing to access gas trapped in shale rock formations.4

After drilling vertically for several thousand feet, drillers can now steer a horizontal bit through a thin
layer of rock for 10,000 feet or more (some horizontal laterals have exceeded 20,000 feet).

The New American, Monday, 29 July 2013, George Mitchell, the Father of Fracking, Dead at 94,
https://www.thenewamerican.com/tech/energy/item/16119-george-mitchell-the-father-of-fracking-dead-at-94
4 Source: https://stock.adobe.com/images/fracking-for-gas-diagram/68587488.
3
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Impermeable reservoir rocks are then shattered by injecting typically about 2,000 gallons of water
mixed with 2,000 pounds of ‘proppant’ and other chemicals into each foot of the horizontal lateral.5
This technology has advanced considerably over the past decade, which has increased the productivity
of the average well. The ability to access more reservoir with each borehole, through both longer
horizontal laterals and increased volumes of water and proppant, has increased productivity. Coupled
with the widespread application of multi-well pads, the cost of accessing a given volume of reservoir has
been reduced substantially.
The purpose of this report is two-fold:


to assess the effectiveness of the evolution of technology in terms of well productivity in recent
years and



to evaluate the impact of technology on the longer-term production prospects for the shale
revolution as plays mature.

Ten major plays are assessed, which together comprise most of the tight oil and shale gas production in
the U.S. Plays are evaluated in terms of type of energy produced (i.e. oil or gas), production and injection
volumes per foot of horizontal lateral, and length of laterals. Play maturity is assessed through
production trends, drilling rates, and remaining drilling locations. Geological variability is examined at
the county level to assess the impacts on production of well-spacing and reservoir properties.
Environmental impacts are assessed in terms of the rate of well drilling and the water and proppant
volumes required for each well, along with collateral impacts.
Drillinginfo6 was the main data source used for production and horizontal lateral lengths in this report.
Drillinginfo provided monthly, 6-month-, 12-month- and 24-month-production data for oil, gas and water
at the well-level by play. Fracfocus7 provided the data on injected volumes of water and proppant. Data
for the plays analyzed in this report are current to late-2018.

This is a typical injection volume, but some wells have ranged up to 5000 gallons and 5000 pounds of proppant, other plays have lower
injection volumes.
6 Drillinginfo DI Desktop product https://info.drillinginfo.com/
7 Frac Focus https://fracfocus.org/
5
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2. An overview of the shale revolution
The growth in oil and gas production from shale in the U.S. was not anticipated as recently as 2005.
Previous production peaks for oil in 1970 and gas in 1973 have been exceeded, and in the case of gas
by a lot. Figure 1 illustrates tight oil production from U.S. shale plays as of October, 2018.

Figure 1 .Tight oil production by play in the U.S., 2008 to 2018.8

Three plays comprise 82% of tight oil production, with the Permian Basin alone accounting for 44% and
much of the production growth. Two of these plays, the Bakken and Eagle Ford, collectively peaked in
early 2015. A fourth play, the Niobrara, accounts for 7% of production. The remaining 11% of production
is scattered amongst several smaller plays, including some that produce primarily shale gas.

8

EIA retrieved December 18 2018, https://www.eia.gov/energyexplained/data/U.S.%20tight%20oil%20production.xlsx
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Figure 2 illustrates shale gas production in the U.S. by play. As with tight oil, production is concentrated
in a few plays. The Marcellus and Utica plays of Pennsylvania, Ohio and West Virginia comprise 46% of
total U.S. shale gas production, and the top five plays comprise 76%. Twenty percent of production
comes from the Permian Basin and Eagle Ford, plays that are mainly valued for their production of tight
oil.

Figure 2. Shale gas production by play in the U.S., 2008 to 2018.9

9

EIA, retrieved December 20, 2018, https://www.eia.gov/naturalgas/weekly/img/shale_gas_201811.xlsx
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Ten major plays, which provide 93% of tight oil and shale gas production in the U.S., were selected for
analysis in this report. Two of these, the Permian Basin and Niobrara, had significant production before
the advent of fracking and are being redeveloped to access oil and gas within low permeability rocks.
Wells drilled since the beginning of 2010 in these plays are primarily related to tight oil and shale gas
and were used to differentiate this production from older legacy production. Figure 3 illustrates 2017
tight oil and shale gas production from these plays.

Figure 3. Average production of tight oil and shale gas in 2017 from wells drilled since the
beginning of 2010 in the ten major plays selected for analysis in this report.
These plays account for 93% of the tight oil and shale gas production in the U.S.
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In terms of U.S. energy production, shale plays yield far more energy from gas than oil. In 2017, 65% of
the energy production from the ten major shale plays came from gas versus just 35% from oil. Oil is
more highly valued than gas, however, and in 2017 energy from oil was worth nearly three times as
much on a per-unit basis as energy from gas.10 As a result, the four oil-prone plays have attracted the
most intensive drilling activity. The locations of the ten major shale plays analyzed in this report are
illustrated in Figure 4.

Figure 4. Locations of the ten major shale plays analyzed in this report.11
These plays accounted for 93% of U.S. tight oil and shale gas production in 2018. (Marcellus and Utica are analyzed
separately in this report.)

The Henry Hub gas price averaged $2.99/MMbtu in 2017 according to the EIA, which is $17.94 per barrel on an oil equivalent basis,
whereas WTI averaged $50.80 per barrel.
11 Modified from EIA Drilling Productivity Report December 17, 2018.
10
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3. Trends in drilling: Production, technology, well
productivity, and overall water use
The following section provides an overview at the play level of trends in the past decade in shale drilling,
production, and technology developments, and the effect of these technology developments on well
productivity. Later sections of the report examine individual plays at the county level to assess variability
within each play.
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3.1 DRILLING
Although the shale revolution has resulted in significant production growth, it has done so only by
investing large amounts of capital with largely negative returns.12 Shale wells have very high decline
rates, which means continual investment in new wells is needed in order to maintain production.
Table 1 illustrates the average 3-year well decline rate for the plays considered in this report, which
average 83%. Wells decline in a hyperbolic fashion, meaning that the first-year decline is highest with
progressively lower declines in following years until a terminal decline rate is reached.
The overall field decline rate, which is the amount of production needed from new drilling to keep
production flat, depends on the average age of the wells in a field. Field declines are highest in plays
with a high drilling rate with many new wells being added. In older plays, with low drilling rates, most
wells are several years old and are declining at lower rates, although their production is a fraction of
what it was when they were drilled. Average field decline in 2017 was 28% in the plays analyzed in this
study, meaning that 28% of production has to be replaced each year by more drilling to keep production
flat.
3 year well
production
decline

Field production
decline in 2017

Producing wells
drilled in 2017

87.6%

30.8%

5704

Gas prone wells

79.3%

26.1%

1990

All wells

82.6%

28.0%

7694

Play
Tight oil

Oil prone wells
Shale gas

Table 1. Average three-year well production decline and annual field decline for major shale
plays in 2017.
Also shown are the number of producing wells drilled in 2017 (note that the total number of wells drilled will be larger
than this as some wells were drilled but not completed).

See for example Fracking in 2018: Another Year of Pretending to Make Money, December 18, 2018,
https://www.desmogblog.com/2018/12/18/fracking-finances-record-oil-production-fuzzy-math
12
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Figure 5 illustrates the total number of producing wells by play that were drilled since the beginning of
2010 (producing wells drilled prior to 2010 in plays like the Permian Basin and Niobrara are mainly
non-fracked legacy wells, whereas those drilled since are mainly fracked wells). A total of 104,150 post2009 producing wells were in operation as of mid-2018, of which 73% targeted oil prone plays. The
total number of wells drilled is higher, as some wells drilled have stopped producing and other wells
have been drilled but not completed (DUCs). Together with infrastructure such as pipelines, this
represents an expenditure in the order of one trillion dollars.

Figure 5. Number of producing wells by play drilled since the beginning of 2010.13
Data have been smoothed with a 12-month trailing moving average. As of July 2018, there were 104,150 producing
wells, of which 73% targeted oil prone plays.

13

Drillinginfo, retrieved December 2018.
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The number of post-2009 producing wells by play is illustrated in Figure 6. The Permian Basin, with
37,000 producing wells as of mid-2018, had nearly 40% of all shale wells. Oil-prone plays make up four
of the top five plays in terms of the total number of producing wells, although the rate of increase
slowed beginning in 2016. With the exception of the Marcellus, well additions are considerably lower in
gas-prone plays than oil-prone plays, even though gas-prone plays produce more energy (see Figure 3).

Figure 6. Number of producing wells by play drilled since the beginning of 2010.14
Data have been smoothed with a 12-month trailing moving average. Oil-prone plays are shown with solid lines and gasprone plays are shown with dashed lines (see Figure 3).

14

Drillinginfo, retrieved December 2018.
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Shale plays exhibit a life cycle which, depending on the size of the play, may range from 10 to 20 years
or more:


Early Stage: Discovery with step out drilling to define sweet spots. As sweet spots are located
and focused on well productivity increases, sometimes dramatically. Well productivity gains are
primarily from moving from lower- to higher-quality reservoir rock, not technology. Examples
include the Utica.



Early Mature Stage: Sweet spots have been delineated and are methodically being drilled off.
Increased well productivity is primarily due to technology gains. Examples include parts of the
Permian, Haynesville, and Bakken.



Late Mature Stage: Sweet spots become saturated with wells and well interference or ‘frac hits’
become evident. Despite better technology well productivity declines both from overcrowding
wells and having to move drilling to lower quality reservoir rock. Examples include the Eagle
Ford, parts of the Marcellus (e.g., the top producing county Susquehanna), and parts of the
Permian, Woodford, and Niobrara.



Late Stage: Sweet spots are saturated with wells and drilling rates collapse. Production falls at
close to terminal decline rates, offset only by limited infill and peripheral drilling. Technology
does help but cannot make up for the exhaustion of high-quality drilling locations. Examples
include the Barnett and Fayetteville.

This is generalized as within large plays different areas can be in different phases of their lifecycle. The
variability within plays is assessed at the county level in later sections of this report.
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Figure 7 illustrates the growth in the number of producing wells since 2016 by play. Drilling in the
Barnett and Fayetteville has slowed to very low levels and production is falling. The Niobrara Play did
not add net producing wells in 2017 although there has been some growth since. The Utica Play is
adding wells at a high percentage rate but from a small base. The other plays added wells at a rate high
enough to offset field declines and increase production somewhat.

Figure 7. Change in number of post-2009 producing wells by play since the beginning of 2016.
Late stage plays have very low or negative rates of producing well additions (Barnett, Fayetteville and Niobrara), whereas
early stage plays have very high rates (Utica). Mature stage plays have strong growth rates to offset field decline and
increase production. Oil-prone plays are shown with solid lines and gas-prone plays are shown with dashed lines (see
Figure 3)
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3.2 PRODUCTION
Figure 8 illustrates oil and gas production from all ten plays in terms of barrels of oil equivalent, or total
energy content. Although the Permian is number one, owing to the intense drilling effort, the Marcellus
produces nearly as much energy with less than one-third of the producing wells. In 2017, the Permian
and Marcellus alone produced nearly half of all the energy from shale in the U.S., and the top five plays
produced 81%.

Figure 8. Energy production on a barrels of oil equivalent basis by play for wells drilled since the
beginning of 2010.15
Data have been smoothed with a 12-month trailing moving average. Oil-prone plays are shown with solid lines and gasprone plays are shown with dashed lines (see Figure 3).

15

Drillinginfo, retrieved December 2018.
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Figure 9 illustrates oil production from the ten plays. Oil-prone plays are less common that gas-prone
plays. The Permian produced 42% of all U.S. tight oil in 2017, and the top three, including the Bakken
and Eagle Ford, produced 90.4%. The only other significant oil producer is the Niobrara, which accounts
for an additional 5.4%. Gas-prone plays, with the exception of the Fayetteville and Haynesville, do
produce some liquids which can favorably affect economics where they occur.

Figure 9. Oil production by play for wells drilled since the beginning of 2010.16
Data have been smoothed with a 12-month trailing moving average. Oil-prone plays are shown with solid lines and gasprone plays are shown with dashed lines (see Figure 3).

16

Drillinginfo, retrieved December 2018.
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Figure 10 illustrates gas production from the ten plays. Gas-prone plays are more common that oilprone plays, though most oil-prone plays also produce significant amounts of gas. Although the
Marcellus is by far the top shale gas play, with 33% of production, the oil-prone Permian is second with
13%—meaning that nearly half of U.S. shale gas production came from just two plays in 2017. Including
the Eagle Ford, oil-prone plays were two of the top five gas producers, which accounted for 81% of U.S.
shale gas production in 2017. The Utica play, which has emerged since 2012, is growing rapidly and
became the third largest shale gas producer in 2018.

Figure 10. Gas production by play for wells drilled since the beginning of 2010.17
Data have been smoothed with a 12-month trailing moving average Oil-prone plays are shown with solid lines and gasprone plays are shown with dashed lines (see Figure 3).

17

Drillinginfo, retrieved December 2018.
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3.3 TECHNOLOGY DEVELOPMENT
Shale economics have been further compromised since the drop in oil prices in 2014 and a parallel
drop in gas prices. An enterprise that even with higher prices had large negative cash-flows became
even more indebted.18 In addition, some plays have had (and in some cases still have) insufficient takeaway capacity which caused further discounts from the West Texas Intermediate (WTI) and Henry Hub
benchmarks.
This resulted in a scramble to lower costs through improved technology. Key focus areas included:


Multi-well drilling pads that can accommodate ten or more wells instead of individual pads,
which reduced surface footprint and optimized surface infrastructure such as gathering
pipelines.



Longer horizontal laterals which allowed individual wells to access more reservoir volume.



Much higher volumes of injected fluids and proppant per unit of horizontal lateral length, which
also provided access to more reservoir volume from an individual well.

A good review of trends in drilling costs and inputs is available from the EIA.19

Note that at this writing the industry is still experiencing negative cash flows although in lesser amounts. See
https://www.desmogblog.com/2018/12/18/fracking-finances-record-oil-production-fuzzy-math
19 Energy Information Administration, March 2016, Trends in U.S. Oil and Natural Gas Upstream Costs,
https://www.eia.gov/analysis/studies/drilling/pdf/upstream.pdf
18
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3.3.1 Horizontal Lateral Lengths
Figure 11 illustrates the average horizontal lateral length by play from 2012 to 2018. On average,
lateral lengths have increased 44% from 5,157 to 7,404 feet, though there is a lot of variability
between plays. The Bakken, for example, has averaged lateral lengths of nearly 10,000 feet since 2012
and there have been numerous wells in several plays that reached 20,000 feet or more. Average lateral
lengths in oil-prone plays were higher in earlier years than gas-prone plays—averaging 5,536 feet versus
4,330 feet in 2012—respectively, but as of 2018 are virtually identical.

Figure 11. Average horizontal lateral length by play, 2012 to 2018.
Percentage increases by play are also indicated.20 The overall average and the average for gas-prone and oil-prone plays
are weighted by the number of wells in each play. Gas-prone plays are shown with dashed lines and oil-prone plays with
solid lines.

20

Data from Drillinginfo retrieved October 2018.
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Figure 12 illustrates the rate of increase in horizontal lateral length by play from 2012 to 2018.
Although lateral length increased in all plays there is a lot of variation, with plays like the Bakken
increasing at the slowest rate, but from a high initial level, and plays like the Utica nearly doubling
lateral length over this period. Oil-prone plays increased at a slower rate than gas-prone plays, given
their higher starting point. The growth in average lateral length has plateaued in most plays in 2018.

Figure 12. Rate of increase in average horizontal lateral length by play, 2012 to 2018.21
Percentage increases by play are also indicated. The overall average and the average for gas-prone and oil-prone plays
are weighted by the number of wells in each play.

21

Data from Drillinginfo retrieved October 2018.
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3.3.2 Water and Proppant Volume
The volume of water and proppant injected into wells during the fracking process has also increased
dramatically since 2012, allowing individual wells to access more reservoir volume. These data, as reported
by industry, are available from the Fracfocus database.22 Although sparse prior to 2011, these data are
relatively complete in the years 2012 through to the present. As of December 2018, Fracfocus contained
data on 127,781 wells. Water and proppant volumes from Fracfocus were disaggregated by play and used
to assess their impact on production and reservoir volume accessed on a per well and per lateral foot basis.
Figure 13 illustrates the total volume of water injected per well from 2012 to 2018. On average, water
volumes have increased more than three-fold, from 3.5 million U.S. gallons per well in 2012 to 12.2 million
gallons in 2018. Gas-prone plays exhibit higher injection levels than oil-prone plays, and reached 13.8
million gallons in 2018 versus 11.6 million gallons for oil-prone plays.

Figure 13. Total volume of water injected by play, 2012 to 2018.23
Percentage increases by play are also indicated. The overall average and the average for gas-prone and oil-prone plays
are weighted by the number of wells in each play.

22
23

Fracfocus database, downloaded August 2018, http://fracfocus.org/data-download .
Data from Drillinginfo and Fracfocus retrieved October, 2018.
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Fracking fluid typically contains about 12% proppant and other chemicals on a mass volume basis. The bulk
of this is sand (or other manufactured or resin-coated proppants) to prop open the induced fractures, but it
also contains other chemicals such as acid, corrosion inhibitors, gelling agents, friction reducers, antibacterial agents, anti-sludge and anti-scalant additives, cross-linkers, demulsifiers, foaming agents, iron
control agents, clay stabilizers, solvents, surfactants, etc. At 12% proppant on a mass volume basis, the
average well with 12.2 million gallons of water requires about 12.2 million pounds of proppant. Some
wells have much higher volumes, such as the ‘propageddon’ well drilled in the Haynesville Play by
Chesapeake Energy, which used 50 million pounds of sand.24 To deliver proppant and water to an average
2018 well, 244 truck trips of proppant and between 1,051 and 2,035 truck trips of water would be required
(depending on truck capacity assumptions and assuming there was no alternative such as a water
pipeline).25

24World

Oil, October 21, 2016, Chesapeake declares ‘propageddon’ with record frac job, https://www.worldoil.com/news/2016/10/21/chesapeakedeclares-propageddon-with-record-frac-job. Fifty million pounds of sand would require 250 rail cars to haul, or roughly two 120-car unit trains. To move
the sand from the rail depot to the well site would require 1,000 truck trips with 25 tons per trip.
25 Assuming an 80,000 pound load limit for a sand truck with a net payload of 25 tons, and assuming the very largest water tankers holding 11,600
gallons which would put them well over the 80,000 pound load limit on most roads, 1,051 water truck trips would be required. If a maximum load limit
of 80,000 pounds was enforced, a smaller tanker truck would have to be used which would mean 2,035 water truck trips.
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Figure 14 illustrates the rate of change in the total volume of water injected per well by play from 2012 to
2018. Average water injection has increased by more than three-fold, or 252%, over this period. Water
injection in oil-prone plays has increased by more than four-fold and in gas-prone plays by nearly three-fold.
In the largest tight oil play, the Permian Basin, water injection has increased by more than six-fold. Water
injection appears to have plateaued in 2018.

Figure 14. Rate of increase in average water injection per well by play, 2012 to 2018.26
Percentage increases by play are also indicated. The overall average and the average for gas-prone and oil-prone plays
are weighted by the number of wells in each play. Oil-prone plays are shown with solid lines and gas-prone plays are
shown with dashed lines.

26 Data from Drillinginfo and Fracfocus retrieved October, 2018.
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Given that horizontal lateral lengths have increased substantially, a better metric to determine the
reach of newer wells than total volume injected during the fracking process is the volume injected per
lateral foot. Figure 15 illustrates water injected by play and lateral foot from 2012 to 2018. On average,
water injection has increased more than two-fold from 670 gallons per foot in 2012 to 1,645
gallons per foot in 2018. Average injection in gas-prone plays increased 65% from 2012 to 1,895
gallons per foot in 2018, and oil-prone plays increased 212% to 1,562 gallons per foot over the same
period. As with horizontal lateral length, injection volumes per lateral foot appear to have plateaued in
most plays in 2018.

Figure 15. Total volume of water injected per horizontal lateral foot by play, 2012 to 2018.27
Percentage increases by play are also indicated. The overall average and the average for gas-prone and oil-prone plays
are weighted by the number of wells in each play.

27

Data from Drillinginfo and Fracfocus retrieved October, 2018.
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Figure 16 illustrates the rate of change in water injection per lateral foot by play from 2012 to 2018.
The increase in water injection is much higher in oil-prone plays than gas-prone plays, as noted above.
The largest tight oil play, the Permian Basin, increased more than four-fold over this period, whereas the
Barnett and Fayetteville, which are late-stage gas plays, declined somewhat.

Figure 16. Rate of change in the total volume of water injected per horizontal lateral foot by
play, 2012 to 2018.28
Percentage increases by play are also indicated. The overall average and the average for gas-prone and oil-prone plays
are weighted by the number of wells in each play.

Both the increase in lateral length and the increase in injected water and proppant have allowed new
wells to access much more reservoir volume than wells drilled in 2012. Increased horizontal lateral
length is straightforward in terms of calculating the increased amount of reservoir volume accessed. In
terms of injected water and proppant, however, it is likely that not all of the increase will access new
reservoir volume, as some of the water and proppant will leak into non-reservoir rocks.

28

Data from Drillinginfo and Fracfocus retrieved October, 2018.
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3.3.3 Reservoir Access per Well
Figure 17 illustrates the increase in reservoir volume accessed per well over the 2012 to 2018 period
assuming that the increase in water and proppant injection is 80% effective in accessing additional
reservoir volume. This shows that on average, a 2018 well in an oil-prone play accesses the reservoir
volume of three 2012 wells, and a 2018 well in a gas-prone play accesses more than twice the
reservoir volume of a 2012 well. As illustrated in Figure 17, there has been no increase in reservoir
volume access in 2018 in most plays, suggesting that technology improvements may have reached
their limits.

Figure 17. Increase in reservoir volume access for wells by play, 2012 to 2018.29
Percentage increases by play are also indicated. The overall average and the average for gas-prone and oil-prone plays
are weighted by the number of wells in each play.

This represents a very significant technological improvement and, although it reduces the surface
footprint and costs per unit of extraction, it also renders conventional measures such as rig count
deceptive in terms of how fast reservoir volume is being consumed. For example, drilling locations in
the Permian Basin are being depleted four times faster than the current rig count and a 2012 estimate
of drilling locations would indicate.

29

Data from Drillinginfo and Fracfocus retrieved October, 2018.
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The Energy Information Administration (EIA) publishes a ‘production per rig’ metric that shows a levelling
off of productivity beginning in 2016 (Figure 18). Although rig productivity is due in part to factors other
than increased reservoir volume access, it broadly corresponds to the flattening of technological
improvements illustrated in Figure 17.

Figure 18. Energy Information Administration ‘production per rig’ metric by region, 2012 to
2018.30
Appalachia includes the Utica and Marcellus plays and Anadarko includes the Woodford Play.

30

Data from EIA Drilling Productivity Report retrieved December, 2018.
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Figure 19 illustrates the number of wells drilled per year by play from 2009 to 2018. Technology
improvements are indicated by the number of 2012 wells that would have been required without them.
The 9,975 horizontal wells drilled in 2018 access the reservoir volume of 31,873 wells with 2012-level
technology. It is important to note that improvements in drilling technology make it more cost-effective
to drill but does not equate to more oil or gas being ultimately recovered. Drilling wells too close
together results in so-called ‘frac-hits’—well interference where one well cannibalizes the resources of
another—and results in lower ultimate production from both wells. This has been observed in the
Permian Basin, Marcellus, and Eagle Ford plays and is evident in well productivity trends in some
counties in other plays.31 Over-crowding wells results in the resource being produced faster, but will not
increase the ultimate recoverable resource, and adversely affects operator economics. Frac-hits will
increase with increasing well density as sweet-spots in plays are drilled off. This issue is examined in
more detail with county level analyses of individual plays in the following sections of this report.

Figure 19. Wells drilled per year by play from 2009 to 2018.
Drilling for the last quarter of 2018 is estimated. Technology improvements are indicated by the number of 2012equivalent wells that would have been needed without them (see Figure 17).32 Technology improvement has been
applied to horizontal wells only; technology improvement in vertical wells in the Permian is assumed to be minimal.

Journal of Petroleum Technology, November 2017, Frac Hits reveal well spacing may be too tight, completion volumes too large,
https://www.slb.com/~/media/Files/stimulation/industry_articles/201711-jpt-frac-hits-tight-spacing-large-completion-volumes.pdf .
32 Data from Drillinginfo retrieved December, 2018, as well as Fracfocus retrieved August, 2018.
31
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Figure 20 breaks drilling down into oil-prone and gas-prone plays. The increasing focus on oil-prone
plays over the past decade is striking, and parallels the rise in U.S. oil production to record levels.
Vertical wells in the Permian Basin, which made up nearly half of all oil-directed wells in 2009, have
largely been replaced by high-volume fracked horizontal wells. In terms of reservoir volume accessed,
9,975 2018 wells accessed what would have taken 31,873 wells in 2012.

Figure 20. Wells drilled per year by play from 2009 to 2018 subdivided into oil-prone and gasprone plays.
Drilling for the last 3-4 months of 2018 is estimated. Technology improvements are indicated by the number of 2012equivalent wells that would have been needed without them (see Figure 17).33 Technology improvement has been
applied to horizontal wells only; technology improvement in vertical wells in the Permian is assumed to be minimal.

33

Data from Drillinginfo retrieved December, 2018, as well as Fracfocus retrieved October, 2018.
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Figure 21 illustrates the drilling effort directed to oil-prone and gas-prone plays on a percentage basis.
Overall, 83% of drilling effort was directed at oil-prone plays in 2018.

Figure 21. Percentage of wells drilled per year by play-type, 2009 to 2018.
Drilling for the last 3-4 months of 2018 is estimated. Technology improvements are indicated by the proportion of 2012equivalent wells that would have been needed without them (see Figure 17).34 Technology improvement has been
applied to horizontal wells only; technology improvement in vertical wells in the Permian is assumed to be minimal.

34

Data from Drillinginfo retrieved December, 2018, as well as Fracfocus retrieved October, 2018.
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3.4 WELL PRODUCTIVITY
Well productivity is examined in this section using production data per well over the first 6-, 12- and 24months of well life. Barrels of oil equivalent are used as the production metric so that oil and gas plays
can be evaluated on a common basis. It is useful to evaluate production over several timeframes given
that well declines can vary with well spacing and over-crowding wells may reduce longer term
productivity. Production has also been normalized to a horizontal lateral foot, so that plays with different
horizontal lateral lengths can be compared on a common basis.
Figure 22 illustrates production per foot by plays over the first six months of well life. Average
production has been rising since 2012 given the large increase in injected water and proppant volumes,
although there is considerable variation between plays. Gas-prone plays produce roughly twice as much
energy per foot as oil-prone plays (yet oil-prone plays receive the most drilling effort reflecting the higher
value of oil). Late-stage plays like the Barnett, Fayetteville, and Niobrara are flat to declining, whereas
the Utica, an early-stage play, is increasing rapidly as sweet-spots are defined and drilled off.

Figure 22. Average production by play in barrels of oil equivalent per lateral foot over the first six
months of well life, 2010 to 2017.35
The overall average and the average for gas-prone and oil-prone plays are weighted by the number of wells in each play.

35

Data from Drillinginfo retrieved from August to November 2018.
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Figure 23 illustrates the rate of change in production per lateral foot by play from 2012 to 2017. The
average increase over this period is 54% with gas-prone plays growing at 59% and oil-prone plays at
52%.

Figure 23. Rate of change in production per lateral foot by play over the first six months of well
life.36
The percentage change from 2012 to 2017 is also indicated. The overall average and the average for gas-prone and oilprone plays are weighted by the number of wells in each play.

36

Data from Drillinginfo retrieved from August to November 2018.
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Figure 24 illustrates production per foot by play over the first twelve months of well life. As with the first
six months of well life, average production has been rising since 2012. However, the Marcellus, which is
the most important play in terms of gas production, shows a decline despite higher levels of water and
proppant injection. Of the oil-prone plays, the Permian and Eagle Ford produce at nearly twice the rate
of the Bakken, although the Bakken’s comparatively high oil-to-gas ratio makes it an extremely
important oil play.

Figure 24. Average production by play in barrels of oil equivalent per lateral foot over the first
twelve months of well life, 2010 to 2016.37
The overall average and the average for gas-prone and oil-prone plays are weighted by the number of wells in each play.

37

Data from Drillinginfo retrieved from August to November 2018.
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Figure 25 illustrates the rate of change in production per lateral foot by play over the first 12 months of
well life from 2012 to 2016. The average increase over this period is 33% with gas-prone plays growing
at 33% and oil-prone plays at 31%. Well productivity in the Permian Basin, which had increased through
2015 has flattened since, and the Marcellus, which is the largest shale gas play by far, has declined
since 2014.

Figure 25. Rate of change in production per lateral foot by play over the first twelve months of
well life, 2012 to 2016.38
The percentage change from 2012 to 2016 is also indicated. The overall average and the average for gas-prone and oilprone plays are weighted by the number of wells in each play.

38

Data from Drillinginfo retrieved from August to November 2018.
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Figure 26 illustrates production per foot by play over the first twenty-four months of well life. Average
production declined from 2010 to 2012 but has increased somewhat since then with the ramp up in
water and proppant injection. As with the first six-months of well life, average production has been rising
since 2012. However, the Marcellus, which is the largest play in terms of gas production, shows a
decline despite higher levels of water and proppant injection. Of the oil-prone plays, the Permian and
Eagle Ford produce at nearly twice the rate of the Bakken, although the Bakken’s comparatively high oilto-gas ratio makes it an important oil play.

Figure 26. Average production by play in barrels of oil equivalent per lateral foot over the first
twenty-four months of well life, 2010 to 2015.39
The overall average and the average for gas-prone and oil-prone plays are weighted by the number of wells in each play.

39

Data from Drillinginfo retrieved from August to November 2018.
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Figure 27 illustrates the rate of change in production per lateral foot by play from 2012 to 2015. The
average increase over this period is 21%, with the Utica, Permian, Bakken, and Woodford responsible
for most of the growth.

Figure 27. Rate of change in production per lateral foot by play over the first twenty-four months
of well life, 2012 to 2015.40
The percentage change from 2012 to 2015 is also indicated. The overall average and the average for gas-prone and oilprone plays are weighted by the number of wells in each play.

40

Data from Drillinginfo retrieved from August to November 2018.
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Figure 28 summarizes the change in production by play type over 6-, 12- and 24-months. In all cases,
gas-prone plays produce twice as much energy per lateral foot as oil-prone plays.

Figure 28. Production per lateral foot over 6-, 12- and 24-months by play type, 2010 to 2017.41
The overall averages and the averages for gas-prone and oil-prone plays are weighted by the number of wells in each
play.

41

Data from Drillinginfo retrieved from August to November 2018.
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Figure 29 summarizes the average trends in production and water injection from 2010 through 2018.
Average production is up 28% since 2010 whereas average water injection is up 118%. There has been
much less increase in water and proppant injection in gas-prone plays compared to oil-prone plays as
gas-prone plays were already at considerably higher levels. Water injection in oil-prone plays increased
by 230% through 2018.

Figure 29. Rate of change in production per foot and water injection for the ten plays, 2010 to
2018.42
The averages for all plays and for oil-prone and gas-prone plays are shown. Oil-prone plays have experienced much
higher rates of growth in water consumption, although injection volumes are still somewhat lower than for gas-prone
plays (see above).

42

Data from Drillinginfo retrieved from August to November 2018, and from Fracfocus.
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3.5 OVERALL WATER USE
Overall water use for fracking is a concern, particularly in arid regions such as the Permian Basin of
west Texas and southeast New Mexico. Although technology improvements have reduced the number of
wells needed for a given level of production, they have greatly increased overall water and proppant
use. Figure 30 illustrates overall water consumption by play type since 2012. Water consumption has
more than doubled since 2016 and 72% was consumed by oil-prone plays in 2018, reflecting the
greater drilling effort applied to them. Total water consumption from fracking injection operations was
121 billion gallons in 2018, equivalent to the consumption of 3.7 million people for a year.43

Figure 30. Overall water consumption by play type, 2012 through 2018.
2018 estimated assuming drilling rates will be maintained through yearend. 44

U.S. Geological Survey, The USGS Water Science School, https://water.usgs.gov/edu/qa-home-percapita.html, assuming average daily
consumption of 90 U.S. gallons.
44 Data from Drillinginfo retrieved from August to December 2018, and from Fracfocus.
43
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Figure 31 illustrates overall water consumption by play from 2011 through 2018. Since 2011, water
consumption has increased 149% on average. However, in the Permian water consumption increased
by 1188%, followed by the Niobrara (345%), Bakken (245%), Marcellus (194%), Woodford (118%) and
Eagle Ford (37%). Water consumption decreased in the Haynesville (-16%), Barnett (-96%) and the
Fayetteville (-99%).
The Permian accounted for 45% of total water consumption in 2018, and the Permian, Bakken and
Niobrara together accounted for 58%. These plays are located in arid areas with annual precipitation of
less than 20 inches per year.45 The extent to which water consumption in these plays is derived from
groundwater sources will add stress to groundwater supply for other uses.

Figure 31. Overall water consumption by play, 2011 through 2018.
2018 estimated assuming drilling rates will be maintained through yearend. 46

U.S. annual mean total precipitation,
https://eldoradoweather.com/climate/US%20Climate%20Maps/Lower%2048%20States/Precipitation/Mean%20Total%20Precipitation/Galle
ry/mean-total-precipitation.html#location1
46 Data from Drillinginfo retrieved from August to December 2018, and from Fracfocus.
45

How Long Will the Shale Revolution Last?

38

The amount of injected water used per barrel of production by play from 2012 through 2017 over the
first six months of well-life is illustrated in Figure 32. Overall, water use per barrel has increased by
56%. Water use in oil-prone plays, which in 2012 was lower than for gas-prone plays, has more than
doubled over this period whereas gas-prone plays have been essentially flat. There is a lot of variability
between plays, with plays like the Fayetteville and Woodford having very high levels of water
consumption and the Haynesville having relatively low levels. The Niobrara and Permian have increased
the most over this period at 217% and 144%, respectively, and now rank in the top three plays in terms
of water consumption per barrel of production.

Figure 32. Water injection per barrel of production (in barrels of oil equivalent) by play over the
first six months of well-life, 2012 to 2017.47
The overall averages and the averages for gas-prone and oil-prone plays are weighted by number of wells in each play.

The cost of completing a well is proportional to the amount of water and proppant injected, as well as
the number of fracking stages. Given that roughly 12% of the injected volume is proppants and
chemicals, the increase in proppants and other additives is directly proportional to the amount of water
injected and well cost. Using 2015 data, IHS Markit reported that water injection per well had increased
from about 4 million gallons of water and 3.7 million pounds of proppant in 2010 to 7 million gallons of

47

Data from Drillinginfo retrieved from August to November 2018, and from Fracfocus.
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water and 6.5 million pounds of proppant in 2015, and that the number of fracking stages had
increased from 14 to 25 over this period.48
Section 3.3 of this report shows that injected volumes have increased substantially since 2015, and as
of 2018 an average of 12 million gallons of water and 12 million pounds of proppant and chemicals
were injected per well. The number of fracking stages has also increased; IHS Markit estimated that
there would be an increase from 12-31 fracking stages per well in 2015 to 22-40 by 2018.49 Given that
completions are roughly two-thirds of total well cost, 2018 wells can be expected to cost considerably
more than IHS Markit’s 2015 estimate of $6.4-$7.8 million dollars per well in the four plays it analyzed.
Water, proppant, chemical, and flowback disposal costs are over half of the completion costs for a well
and about 34% of the total drilling and completion costs. Figure 33 illustrates the rate of change in
consumption of injected fluids per barrel of production by play from 2012 to 2017 over the first six
months of well life.

Figure 33. Rate of change in water injection per barrel of production by play over the first six
months of well-life, 2012 to 2017.50
The overall averages and the averages for gas-prone and oil-prone plays are weighted by number of wells in each play.

Energy Information Administration, March 2016, Trends in U.S. Oil and Natural Gas Upstream Costs, see Figure 2-7,
https://www.eia.gov/analysis/studies/drilling/pdf/upstream.pdf
49 Energy Information Administration, March 2016, Trends in U.S. Oil and Natural Gas Upstream Costs,
https://www.eia.gov/analysis/studies/drilling/pdf/upstream.pdf
50 Data from Drillinginfo retrieved from August to November 2018, and from Fracfocus.
48
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Average water injection per barrel of production over the first 6-, 12- and 24-months of well-life and
averages of oil-prone and gas-prone plays, are illustrated in Figure 34. In all cases, oil-prone plays
began 2012 below gas-prone plays and increased rapidly to exit 2017 at considerably higher levels
than gas-prone plays, whereas gas-prone plays remained relatively flat.51

Figure 34. Average water injection per barrel of production by play type over the first 6-, 12- and
24-months of well-life, 2012 to 2017.52
The overall averages and the averages for gas-prone and oil-prone plays are weighted by the number of wells in each
play.

51
52

Note that water injection per barrel drops as well age and produce more oil and gas.
Data from Drillinginfo retrieved from August to November 2018, and from Fracfocus.
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Figure 35 illustrates the rate of change in average water injection per barrel of production from 2012 to
2017 over the first 6-, 12- and 24-months of well-life. Oil-prone plays have increased by 102% over the
period, whereas gas-prone plays were essentially flat and the overall average increased by 56%.

Figure 35. Rate of change in average water injection per barrel of production by play type over
the first 6-, 12- and 24-months of well-life, 2012 to 2017.53
The overall averages and the averages for gas-prone and oil-prone plays are weighted by the number of wells in each
play.

53

Data from Drillinginfo retrieved from August to November 2018, and from Fracfocus.
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4. Analysis of tight oil plays
The following section assesses each of the four tight oil plays in more detail analyzing county level
variability in technology and well productivity trends.

4.1 BAKKEN PLAY
The Bakken Play of North Dakota and Montana was one of the earliest tight oil plays to be developed
using horizontal wells and fracking technology, and currently produces 19% of U.S. tight oil (see Figure
1). Production initially reached 1.22 mbd in late 2014 before declining, but has since increased to
1.3 mbd with higher drilling rates and the application of more aggressive fracking technology. As of late2018, more than 14,700 wells had been drilled in the play.54 The highest productivity wells are
concentrated in the central and east-central portions of the play as shown in Figure 36.

Figure 36. Well distribution by highest month oil production in the Bakken Play of North Dakota
and Montana.55
The outlines of top counties discussed in this section are also shown.

Drillinginfo retrieved January 2019.
Data from Drillinginfo retrieved September 2017. Energy Information Administration play outline from March, 2016 shapefile. Map produced
by John Van Hoesen.
54
55
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Although the Bakken Play covers parts or all of 15 counties, production is concentrated in four counties,
as illustrated in Figure 37. Of the 2.7 billion barrels of cumulative production as of mid-2018, 55% has
come from two counties, McKenzie and Mountrail, and 86% from the top four counties. Gas production
has increased substantially with new regulations that have cut down on flaring, and was 19% of 2017
production.

Figure 37. Cumulative oil and gas production by county in the Bakken Play through mid-2018.56

56

Data from Drillinginfo retrieved July 2018.
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4.1.1 Drilling
The annual drilling rate over the 2009 to 2018 period is illustrated in Figure 38. Although the actual
drilling rate peaked in 2014, when the Bakken reached production of 1.22 million barrels per day, the
increase in horizontal lateral lengths, coupled with a major increase in water/proppant injection, means
that a 2018 well is equivalent to three 2012 wells in terms the amount of reservoir accessed (see
Figure 17 and above discussion). The 1,177 wells drilled in 2018 are equivalent to 3,574 wells drilled
in 2012. Although this represents a significant cost saving for operators and reduces the surface
impact, it also means that drilling locations thought to be available in 2012 are being consumed
three times as fast as the drilling rate would indicate. Enhanced technology as practiced in 2018 will
certainly allow the resource to be extracted with fewer wells, but will not necessarily increase the
ultimate recoverable resource.

Figure 38. Wells completed per year in the Bakken Play, 2009 to 2018.57
The expanded reach of post-2012 wells due to longer horizontal laterals and increased volumes of water and proppant
injection is shown in terms of ‘2012-equivalent wells’ that would have been needed without it (see Figure 17).

57

Data from Drillinginfo retrieved December 2018.

How Long Will the Shale Revolution Last?

45

4.1.2 Technology Development
The length of horizontal laterals drilled in the Bakken from 2004 to 2018 is illustrated in Figure 39.
Lateral length is controlled by the configuration of land leases, geology, and technology. Although a few
laterals have reached 20,000 feet, the vast majority range between 8,500 and 11,000 feet with a
2018 average of 9,864 feet. There is a small population of laterals in the 5,000 foot range, most likely
due to limitations in the size of land leases.

Figure 39. Horizontal lateral length in the Bakken Play, 2004 to 2018.58
Although 10,000 feet was the average in 2018, a few wells have exceeded 20,000 feet.

58

Data from Drillinginfo retrieved July 2018.
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Figure 40 illustrates the average horizontal lateral length by county from 2008 to 2018. The norm
became 9,000 to 10,000 feet in all counties after 2011.

Figure 40. Average horizontal lateral length by county in the Bakken Play, 2008 to 2018.59

59

Data from Drillinginfo retrieved July 2018.
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Water injection per well has increased 3.7 times since 2012 and in 2018 averaged 8.3 million
gallons per well (Figure 41). Some wells, however, have exceeded 20 million gallons. This has made
wells considerably more productive and able to drain much more reservoir, as outlined below.

Figure 41. Water injection per well (individual wells) in the Bakken Play, 2011 to 2018.60
Average injection was about 8 million gallons per well in 2018, up 3.7-fold since 2012, although some wells injected 20
million gallons.

60

Data from Fracfocus retrieved August 2018.
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Average water injection per well and per lateral foot from 2012 to 2018 is illustrated in Figure 42.
Water injection per foot has increased 3.5 times since 2012 to 845 gallons in 2018.

Figure 42. Average water injection per well and per horizontal lateral foot in the Bakken Play,
2012 to 2018.61
Average injection per well in 2018 was 8.3 million gallons and 845 gallons per foot. Injection per well and per foot has
increased 3.7 and 3.5 times since 2012, respectively.

61

Data from Drillinginfo retrieved July 2018 and Fracfocus retrieved August 2018.
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Proppants, which are mainly sand and in some cases artificial and resin-coated materials, as well as
other additives, typically make up 12% on a mass basis of injected fluid. Figure 43 illustrates the
amount of proppant relative to the amount of water injected on average per lateral foot. Typically, one
gallon of injected fluid contains about one pound of proppant/additives, so in 2018 the average well
injected 845 gallons of water and 845 pounds of proppant/additives per lateral foot.62

Figure 43. Relationship between water and proppant injection per lateral foot in the Bakken
Play, 2012 to 2018.63
Proppant typically averages about 12% on a mass basis of the injected fluid, hence one U.S. gallon of injected water
contains about one pound of proppant and other additives. In 2018, 845 pounds of proppant and additives were injected
per foot along with 845 gallons of water.

62
63

Fracfocus database and Drillinginfo.
Data from Drillinginfo retrieved July 2018 and Fracfocus retrieved August 2018.
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4.1.3 Well Productivity
Oil production per lateral foot from 2005 to 2017 over the first 12 months of well life is illustrated in
Figure 44. As of mid-2017, the majority of wells produce between 6 and 22 barrels per foot with an
average of about 14 barrels. Better technology has allowed production to increase in the past few years.

Figure 44. Oil production per lateral foot (individual wells) over the first 12-months of well life in
the Bakken Play, 2005 to 2017.64
In mid-2017, the average well produced about 13 barrels of oil per foot over the first 12 months, but there is a lot of
variation between wells.

64

Data from Drillinginfo retrieved July 2018.
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Figure 45 illustrates oil and gas production per lateral foot over the first six months of well life
compared to injection of water and proppants from 2012 to 2018. Injection volumes of water/proppant
have increased by 245% since 2012 and have resulted in an increase of 87% in oil production and
164% in gas production, for an overall increase in barrels of oil equivalent of 98%.65 It appears that the
increase in water/proppant injections is reaching it practical limits, however, as overall volumes
decreased slightly in 2018.

Figure 45. Oil and gas production per lateral foot in the Bakken Play over the first six months of
well life compared to injection of water and proppants, 2012 to 2018.
More than tripling injection volumes has nearly doubled production on a barrels of oil equivalent basis. 66

65
66

Data from Drillinginfo retrieved July 2018 and Fracfocus retrieved August 2018.
Data from Drillinginfo retrieved July 2018 and Fracfocus retrieved August 2018.
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Growth of water/proppant injection versus production on a longer timeframe, from 2010 to 2017, is
illustrated in Figure 46. Although the impact of much larger injections on increased production is clear,
water/proppant injection increased 8.7-fold more than oil production as of 2017.

Figure 46. Change in average production and water/proppant injection from 2010 to 2017 in
the Bakken Play.67
Water/proppant injection increased 8.1 times as fast as production on a barrels of oil equivalent basis.

67

Data from Drillinginfo retrieved July 2018 and Fracfocus retrieved August 2018.
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Oil production per lateral foot by county over the first 12-months of well life from 2008 to 2016 is
illustrated in Figure 47. All counties have shown improvement with increased water and proppant
injection, although the top county, McKenzie, was more than twice as productive as counties outside of
the top four in 2016.

Figure 47. Oil production per lateral foot by county over the first 12-months of well life from
2008 to 2016 in the Bakken Play.68
Average wells in McKenzie County were more than twice as productive as wells in counties outside of the top four.

68

Data from Drillinginfo retrieved July 2018.
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The impact of better technology on production over the 2012 to 2017 period is illustrated in Figure 48.
Not only do the top four counties produce significantly more oil per lateral foot than other counties, they
have benefited more from better technology in terms of increased production.

Figure 48. Growth in barrels of oil equivalent production per lateral foot by county from 2012 to
2017 in the Bakken Play.69
Well productivity grew fastest in McKenzie County.

69

Data from Drillinginfo retrieved July 2018.
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The production of formation water and gas has increased far faster than oil. As illustrated in Figure 49,
oil production per lateral foot over the first six months of well life increased 41% from 2008 to 2017,
whereas gas production increased 278% (mostly as a result of new regulations limiting flaring) and
formation water production increased 541%. In 2017, formation water made up 46% of production,
followed by oil at 44% and gas at 10%. Formation water is highly saline and must be disposed of,
usually by reinjection. Water disposal represents an increasing cost for operators estimated at between
$2 and $17 per barrel.70

Figure 49. Water, gas, and oil production per lateral foot over the first six months of well life in
the Bakken Play, 2008 to 2017.71
Gas is expressed as barrels of oil equivalent. Figure indicates produced water (mostly formation water but may include
some injected water over the first few weeks). Well productivity grew fastest in McKenzie County. Gas and water
production has increased 6.8- and 13.1-times as fast as oil production, respectively. Water constituted 46% and gas
10% of 2017 production.

70

Water Consumption in the Bakken, University of North Dakota Energy & Environmental Research Center 2014,
http://www.undeerc.org/bakken/water-consumption-in-the-bakken.aspx
71 Data from Drillinginfo retrieved July 2018.
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The trends in increased formation water and gas production versus oil by county are illustrated in Figure
50. The proportion of oil per foot of lateral production over the first six months of well life has decreased
from 75% in 2012 to 44% in 2017, and further decrease seems likely given the trends. Oil production in
Williams County, and other counties outside of the top four, are even lower at 33%.

Figure 50. Percentage of oil produced per lateral foot relative to gas plus water over the first six
months of well life by county from 2008 to 2017 in the Bakken Play.72
Counties outside of the top four, along with Williams County, produce a significantly greater percentage of water plus
gas.

72

Data from Drillinginfo retrieved July 2018.
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4.1.4 Synopsis
Key takeaways are as follows:
-

The Bakken is now a mature play—sweet spots have been defined and are being drilled off.
Production is largely from four out of fifteen counties, of which two account for 56% of
production to date.

-

Individual wells decline quickly. The average well declines by 88% over the first three years of
well life (see Table 1), so continual drilling is necessary to maintain field production.

-

Overall field decline, including legacy wells producing at much lower rates than new wells, is
29% per year. Assuming every new well produces oil at the most recent 12-month average,
1,018 new wells per year, or 86% of the estimated 1,177 wells drilled in 2018, are needed to
offset field decline. At an average cost of $7.8 million per well,73 an annual expenditure of $7.9
billion is required each year to keep production flat at its current rate of 1.3 million barrels
per day.

-

Better technology has made a big difference. Increasing the length of horizontal laterals
somewhat and increasing water/proppant injection by 3.5 times since 2012 has allowed each
2018 well to access three times as much reservoir as in 2012. This means drilling locations
calculated in 2012 are being depleted three times as fast as the drilling rate indicates. This has
meant large cost-savings for operators but is unlikely to increase the ultimate recovery of the
play—it simply allows the play to be drained with fewer wells.

-

Technology improvement appears to have hit the law of diminishing returns. After several years
of sharp increases, water/proppant injection volumes were flat in 2018 and overall reservoir
access per well declined slightly (see Figure 17).

-

Drilling has been concentrated on sweet spots, which have a limited areal extent and a finite
number of drilling locations. So far, so-called ‘frac hits’ or well interference74 have not been
widely observed in the Bakken, but it is only a question of time before wells become overcrowded and frac hits resulting in lower well productivity become more widely evident.

Energy Information Administration, March 2016, Trends in U.S. Oil and Natural Gas Upstream Costs,
https://www.eia.gov/analysis/studies/drilling/pdf/upstream.pdf
74 Journal of Petroleum Technology, November 2017, "Frac hits reveal well spacing may be too tight, completion volumes too large,"
https://www.slb.com/~/media/Files/stimulation/industry_articles/201711-jpt-frac-hits-tight-spacing-large-completion-volumes.pdf.
73
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4.2 EAGLE FORD PLAY
Development of the Eagle Ford Play of southeast Texas using horizontal wells and fracking technology
began in 2008 and currently produces 19% of U.S. tight oil (Figure 1). The play peaked in early 2015 at
1.62 mbd and currently produces 1.3 mbd, although production is growing with higher drilling rates and
the application of more aggressive fracking technology. As of late-2018, more than 20,450 wells had
been drilled in the play.75 The highest productivity wells are concentrated in the central portion of the
play as shown in Figure 51.

Figure 51. Well distribution by highest month oil production in the Eagle Ford Play of southeast
Texas.76
The outlines of top counties discussed in this section are also shown.

Drillinginfo retrieved January 2019.
Data from Drillinginfo retrieved September 2017. Energy Information Administration play outline from March, 2016 shapefile. Map produced
by John Van Hoesen.
75
76
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Although the Eagle Ford Play covers parts of 30 counties, production is concentrated in core areas, or
sweet-spots. Two counties have accounted for 38% of cumulative oil production and the top four
counties accounted for 64%, as illustrated in Figure 52. The Eagle Ford Play also produces large
volumes of gas, which accounts for 42% of production on an oil equivalent basis. Strata in the play dip
southeast, and the more gas-prone portions lie along the southeast margin and in the southern portion
of the play. Cumulative production as of mid-2018 amounted to 2.71 billion barrels of oil and 11.84
trillion cubic feet of gas (or about 1.97 billion barrels of oil equivalent).

Figure 52. Cumulative oil and gas production by county in the Eagle Ford Play through mid2018.77

77

Data from Drillinginfo retrieved September 2018.
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4.2.1 Drilling
The annual drilling rate over the 2009 to 2018 period is illustrated in Figure 53. Although the actual
drilling rate peaked in 2012, the increase in horizontal lateral lengths coupled with an increase in
water/proppant injection allowed production to continue growing to a peak in March 2015 before
drilling rates dropped below the level needed to offset field decline. More aggressive fracking
technology coupled with longer horizontal laterals mean that a 2018 well is equivalent to 2.5 2012
wells in terms the amount of reservoir accessed (see Figure 17). The 1,239 wells drilled in 2018 are
therefore equivalent to 3,115 wells drilled in 2012. Although this represents a significant cost saving
for operators and reduces the surface impact, it also means that drilling locations thought to be
available in 2012 are being consumed 2.5 times as fast as the drilling rate would indicate.
Enhanced technology as practiced in 2018 will certainly allow the resource to be extracted with fewer
wells, but will not necessarily increase the ultimate recoverable resource.

Figure 53. Wells completed per year in the Eagle Ford Play from 2009 to 2018.
The expanded reach of post-2012 wells due to longer horizontal laterals and increased volumes of water and proppant
injection is shown in terms of ‘2012-equivalent wells’ that would have been needed without it (see Figure 17).78

78

Data from Drillinginfo retrieved December 2018.
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4.2.2 Technology Development
The length of horizontal laterals drilled in the Eagle Ford from 2008 to 2018 is illustrated in Figure 54.
Lateral length is controlled by the configuration of land leases, geology, and technology. Although a few
laterals have exceeded 15,000 feet, the vast majority range between 5,000 and 10,000 feet, with a
2018 average of 7,736 feet.

Figure 54. Horizontal lateral length (individual wells) in the Eagle Ford Play, 2008 to 2018.79
Although 7,736 feet was the average in 2018, a few wells have exceeded 15,000 feet.

79

Data from Drillinginfo retrieved August 2018.
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Figure 55 illustrates the average horizontal lateral length by county from 2009 to 2018. The top two
producing counties—Karnes and Dewitt—have horizontal laterals averaging between 5,000 and 6,000
feet, whereas other counties averaged between 7,700 and 8,600 feet in 2018. The average lateral
length has more than doubled since 2009.

Figure 55. Average horizontal lateral length by county in the Eagle Ford Play from 2009 to
2018.80

80

Data from Drillinginfo retrieved August 2018.
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Water injection per well has increased 3.4 times since 2012 and in 2018 averaged 12.8 million
gallons per well (Figure 56). Some wells, however, have exceeded 30 million gallons. This has made
wells considerably more productive and able to drain much more reservoir, as outlined below.

Figure 56. Water injection per well (individual wells) in the Eagle Ford Play, 2011 to 2018.
Average injection was about 12.8 million gallons per well in 2018, up 3.4-fold since 2012, although some wells injected
more than 30 million gallons.81

81

Data from Fracfocus retrieved August 2018.
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Average water injection per well and per lateral foot from 2012 to 2018 is illustrated in Figure 57.
Water injection per foot has increased 2.2 times since 2012 to 1,648 gallons in 2018. The rate of
increase in water/proppant injection has slowed in 2017 and 2018.

Figure 57. Average water injection per well and per horizontal lateral foot in the Eagle Ford Play,
2012 to 2018.
Average injection per well in 2018 was 12.8 million gallons and 1,648 gallons per foot.82 Injection per well and per foot
has increased 3.4 and 2.2 times since 2012, respectively.

82

Data from Drillinginfo retrieved August 2018 and Fracfocus retrieved August 2018.
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Proppants, which are mainly sand and in some cases artificial and resin-coated materials, as well as
other additives, typically make up 12% on a mass basis of injected fluid. Figure 58 illustrates the
amount of proppant relative to the amount of water injected on average per lateral foot. Typically, one
gallon of injected fluid contains about one pound of proppant/additives, so in 2018 the average well
injected 1,648 gallons of water and 1,648 pounds of proppant/additives per lateral foot.83

Figure 58. Relationship between water and proppant injection per lateral foot in the Eagle Ford
Play, 2012 to 2018.
Proppant typically averages about 12% on a mass basis of the injected fluid, hence one U.S. gallon of injected water
contains about one pound of proppant and other additives. 84 In 2018, 1,648 pounds of proppant and additives were
injected per foot along with 1,648 gallons of water.

83
84

Fracfocus database and Drillinginfo.
Data from Drillinginfo retrieved August 2018 and Fracfocus retrieved August 2018.
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4.2.3 Well Productivity
Production of oil and gas on a barrels of oil equivalent per lateral foot over the first 12 months of well
life from 2009 to 2017 is illustrated in Figure 59. The majority of wells produce between 15 and 50
barrels per foot with an average as of mid-2017 of about 40 barrels. Better technology has allowed
production to increase in the past few years.

Figure 59. Oil and gas production per lateral foot (individual wells) over the first 12-months of
well life in the Eagle Ford Play, 2009 to 2017.85
In mid-2017, the average well produced about 40 barrels of oil and gas per foot over the first 12 months, but there is a
lot of variation between wells.

85

Data from Drillinginfo retrieved August 2018.
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Figure 60 illustrates oil and gas production per lateral foot over the first six months of well life
compared to injection of water and proppants from 2012 to 2018. Injection volumes of
water/proppant have increased by 118% since 2012 and have resulted in an increase of 40% in oil
production and 64% in gas production, for an overall increase in barrels of oil equivalent of 54%.86 It
appears that the increase in water/proppant injections is reaching it practical limits, however, as overall
volumes flattened in 2018.

Figure 60. Oil and gas production per lateral foot over the first six months of well life compared
to injection of water and proppants from 2012 to 2018 in the Eagle Ford Play.
More than doubling injection volumes has increased production on a barrels of oil equivalent basis by 54%.87

86
87

Data from Drillinginfo retrieved August 2018 and Fracfocus retrieved August 2018.
Data from Drillinginfo retrieved August 2018 and Fracfocus retrieved August 2018.
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Growth of water/proppant injection versus production on a slightly longer timeframe, from 2011 to
2018, is illustrated in Figure 61. Although the impact of much larger injections on increased production
is clear, water and proppant injection increased 3.3-fold more than oil and gas production as of
2017 on a per lateral foot basis.

Figure 61. Change in average production and water/proppant injection from 2011 to 2018 in
the Eagle Ford Play.88
Water/proppant injection increased 3.3 times as fast as production on a barrels of oil equivalent basis.

88

Data from Drillinginfo retrieved August 2018 and Fracfocus retrieved August 2018.

How Long Will the Shale Revolution Last?

69

Oil production per lateral foot by county over the first 12-months of well life from 2010 to 2016 is
illustrated in Figure 62. The superiority of the top two counties—Karnes and Dewitt—is clear, as well
productivity there is more than double that of other counties. Although Dewitt County exhibited
significant improvement in 2016, Karnes County has declined by 30% since 2013, which may be an
indication of over-crowding wells and ‘frac-hits’, where infill ‘child’ wells cannibalize production from
‘parent’ wells.89 Since 2014, other counties have declined slightly or remained flat and the overall
productivity of the play has declined slightly, despite increased injection volumes of water and proppant.

Figure 62. Oil production per lateral foot by county over the first 12-months of well life from
2010 to 2016 in the Eagle Ford Play.90
Average wells in Dewitt and Karnes counties were more than twice as productive as other counties over much of this
period.

Journal of Petroleum Technology, November 2017, Frac Hits reveal well spacing may be too tight, completion volumes too large,
https://www.slb.com/~/media/Files/stimulation/industry_articles/201711-jpt-frac-hits-tight-spacing-large-completion-volumes.pdf .
90 Data from Drillinginfo retrieved August 2018.
89
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Gas production per lateral foot by county over the first 12-months of well life from 2010 to 2016 is
illustrated in Figure 63. As with oil, Dewitt County is a top gas producer, however counties outside of the
top four oil producers emerged as the largest gas producer in 2016. Gas production from the play as a
whole, and from counties outside of the top four, has increased substantially since 2013, whereas other
counties are relatively unchanged.

Figure 63. Gas production per lateral foot by county over the first 12-months of well life from
2010 to 2016 in the Eagle Ford Play.91
Gas production has gone up 43% since 2013 on average.

91

Data from Drillinginfo retrieved August 2018.
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Combined oil and gas production on a barrels of oil equivalent basis per lateral foot by county over the
first 12-months of well life from 2010 to 2016 is illustrated in Figure 64. As with oil alone, Karnes and
Dewitt counties are significantly more productive on this basis than other counties, although well
productivity has declined by 15% in Karnes County since 2013, despite the application of increased
injection volumes of water and proppant. As noted earlier, this may be an indication of over-crowding
wells and ‘frac-hits’, where infill ‘child’ wells cannibalize production from parent wells.92

Figure 64. Oil and gas production on a barrels of oil equivalent per lateral foot basis by county
over the first 12-months of well life from 2010 to 2016 in the Eagle Ford Play.93
Karnes and Dewitt counties are the top overall producers, although well productivity is declining in Karnes County
despite the application of higher injection volumes of water and proppant.

Journal of Petroleum Technology, November 2017, Frac Hits reveal well spacing may be too tight, completion volumes too large,
https://www.slb.com/~/media/Files/stimulation/industry_articles/201711-jpt-frac-hits-tight-spacing-large-completion-volumes.pdf .
93 Data from Drillinginfo retrieved July 2018.
92
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The impact of better technology on oil production over the 2012 to 2017 period by county is illustrated
in Figure 65. Although there have been significant improvements in production over the first six months
of well life in most counties, there has been less improvement and even declines over the first 12- and
24-months of well life, despite higher injection volumes of water and proppant. With the exception of
the first six months of well life, the largest gains in well productivity relative to 2012 were in the years
2013 and 2014.

Figure 65. Growth in barrels of oil production per lateral foot by county from 2012 to 2017 in the
Eagle Ford Play.94
Well productivity grew fastest in Dewitt County over the first six months of well life.

94

Data from Drillinginfo retrieved August 2018.
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Although the increase in water and proppant injection since 2012 has increased average productivity
for the Eagle Ford over the first 6- and 12-months, 24-month production per lateral foot in wells drilled
in 2014 and 2015 is the same or lower than in wells drilled in 2012. This means that increased water
and proppant injection is simply allowing oil to and gas to be recovered sooner and is not increasing
ultimate recovery. In fact, recovery at 24 months in wells drilled in 2015 is down 7% compared to wells
drilled in 2012 as shown in Figure 66. This is a sign of well interference or ‘frac-hits’, as the increased
injection volumes connect to fractures from adjacent wells and the productivity of all interconnected
wells suffers.95

Figure 66. Change in average production of barrels of oil and barrels of oil equivalent per lateral
foot (BOE), relative to 2012, over the first 6-, 12- and 24-months of well life in the Eagle Ford
Play.96

The trends clearly show diminishing returns: although production increased by about 20% for wells
drilled in 2013, the percentage gain decreased in 2014 and 2015. Most importantly, the results show
that gains in oil production observed over the first 6- and 12-months of well life diminished to near zero
at 24-months in 2014 and were at a 7% loss in 2015. This means that increased water and proppant
injection are not increasing the long-term productivity of the average well, and are not increasing well
EUR per foot—they are only stemming well productivity decline.

Journal of Petroleum Technology, November 2017, Frac Hits reveal well spacing may be too tight, completion volumes too large,
https://www.slb.com/~/media/Files/stimulation/industry_articles/201711-jpt-frac-hits-tight-spacing-large-completion-volumes.pdf .
96 Data from Drillinginfo retrieved August 2018.
95
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The production of formation water increased rapidly in the Eagle Ford from 2009 to 2012 but has
stabilized since then, as illustrated in Figure 67. In 2016, gas made up 43% of production per lateral
foot over the first 12 months of well life, followed by formation water at 30% and oil at 27%. Formation
water is highly saline and must be disposed of, usually by reinjection. Although no data are available on
the cost of water disposal in the Eagle Ford, water disposal costs range between $2 and $17 per barrel
in the Bakken.97 A recent study by Woods-Mackenzie suggests current disposal costs in the Permian
Basin are $2.50 per barrel by truck and $0.30 per barrel by pipeline, although costs are projected to
rise to between $3.00 and $6.00 per barrel by 2025.98

Figure 67. Water, gas, and oil production per lateral foot over the first twelve months of well life
in the Eagle Ford Play, 2009 to 2016.99
Gas is expressed as barrels of oil equivalent. Figure indicates produced water (mostly formation water but may include
some injected water over the first few weeks).

Water Consumption in the Bakken, University of North Dakota Energy & Environmental Research Center 2014,
http://www.undeerc.org/bakken/water-consumption-in-the-bakken.aspx
98 Society of Petroleum Engineers, June 12, 2018, Rising Tide of Produced Water Could Pinch Permian Growth, https://www.spe.org/en/printarticle/?art=4273
99 Data from Drillinginfo retrieved August 2018.
97
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The trends in increased formation water and gas production versus oil by county are illustrated in Figure
68. Although oil production per foot of lateral over the first twelve months of well life has been fairly flat
over the 2011 to 2016 period, there is a great deal of variation between counties. The top counties—
Karnes and Dewitt—averaged 45% oil over this period, compared to 24% for other counties.

Figure 68. Percentage of oil produced per lateral foot relative to gas plus water over the first
twelve months of well life by county from 2011 to 2016 in the Eagle Ford Play.100
Karnes and Dewitt, the top producing counties, produce a significantly higher percentage of oil than other counties.

100

Data from Drillinginfo retrieved August 2018.
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4.2.4 Synopsis
Key takeaways are as follows:
-

The Eagle Ford is now a mature play—sweet spots have been defined and are being drilled off.
Four counties out of 30 have accounted for 64% of cumulative oil production of which two have
accounted for 38%.

-

Individual wells decline quickly. The average well declines by 86% over the first three years of
well life (see Table 1), so continual drilling is necessary to maintain field production.

-

Overall field decline, including legacy wells producing at much lower rates than new wells, is
19% per year. Assuming every new well produces oil at the most recent 12-month average,
1,017 new wells per year, or 82% of the estimated 1,239 wells drilled in 2018, are needed to
offset field decline. At an average cost of $7.5 million per well,101 an annual expenditure of
$7.6 billion is required each year to keep oil production flat at its current rate of 1.28 million
barrels per day.

-

Since 2012, horizontal lateral lengths have increased by 52% to an average of 7,736 feet in
2018, and water and proppant injection has increased by 124% per lateral foot. Total water
injection per well has increased 241% to 12.8 million gallons from 2012 to 2018. As a result, a
2018 well accesses on average 151% more reservoir rock than a 2012 well. This has meant
large cost-savings for operators but is unlikely to increase the ultimate recovery of the play—it
simply allows the play to be drained with fewer wells.

-

There appears to be significant deterioration in longer-term well productivity through overcrowding of wells in sweet spots, resulting in well interference and/or drilling in more marginal
areas that are outside of sweet-spots within counties. Although increasing water and proppant
injection volumes has increased short-term well productivity, average 24-month productivity is
flat or falling. This means that increased water/proppant loads are not increasing the ultimate
recovery (EUR) of wells—they are simply allowing the oil resource to be recovered sooner—and in
fact new wells appear to have a declining EUR given the decline in 24-month oil recoveries.
Technology improvements appear to have hit the law of diminishing returns in terms of
increasing production—they cannot reverse the realities of over-crowded wells and geology.

-

Drilling rates estimated for 2018 will allow some growth in overall Eagle Ford production, but
declining well productivity as sweet-spots are exhausted will require higher drilling rates and
expenditures in the future to maintain production or slow field decline.

Energy Information Administration, March 2016, Trends in U.S. Oil and Natural Gas Upstream Costs,
https://www.eia.gov/analysis/studies/drilling/pdf/upstream.pdf
101
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4.3 PERMIAN BASIN
The Permian Basin underlies large parts of west Texas and southeast New Mexico and has produced
significant amounts of oil and gas since the early part of the last century. As of late-2018, over 425,000
wells had been drilled there, with cumulative production of 34 billion barrels of oil and 120 trillion cubic
feet of gas.102 Application of horizontal drilling and fracking beginning in the middle of the last decade
has allowed new plays to be developed along with the enhancement of older plays.
Major tectonic features within the Permian Basin are illustrated in Figure 69. Much of the current
exploration centers on the Wolfcamp and Bone Spring plays of the Delaware Basin and the Spraberry
Play of the Midland Basin, but other plays included Glorieta-Yeso are also being developed.

Figure 69. Tectonic features of the Permian Basin.
Much of the current exploration effort is directed at the Wolfcamp and Bone Spring plays of the Delaware Basin and the
Spraberry Play of the Midland Basin, however other smaller plays are also being developed. 103

102
103

Drillinginfo, retrieved January 2019.
Map by John Van Hoesen with shapefiles from the Energy Information Administration, December 2017.
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The distribution of drilling in the Permian Basin by highest month oil production is illustrated in Figure
70. Most of the drilling prior to 2005 targeted conventional plays, but many of the higher productivity
wells drilled since 2005 are from unconventional development. As of late-2018, the Permian Basin
accounted for 44% of total U.S. tight oil production.

Figure 70. Well distribution by highest month oil production in the Permian Basin.104
More than 425,000 wells have been drilled in total.

Data from Drillinginfo retrieved September 2017. Energy Information Administration play outline from March, 2016 shapefile. Map
produced by John Van Hoesen.
104
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In order to separate legacy conventional production from unconventional development, the analysis in
this section focuses on wells drilled since 2009. Figure 71 illustrates the distribution of post-2011 wells
which are mainly nonconventional horizontal fracked wells, most of which are concentrated in the
Delaware and Midland basins.

Figure 71. Post 2011 well distribution by highest month oil production in the Permian Basin.105
More than 44,700 wells have been drilled since 2009 of which 20,550 were horizontal fracked wells. 106

Data from Drillinginfo retrieved September 2017. Energy Information Administration play outline from March, 2016 shapefile. Map
produced by John Van Hoesen.
106 Drillinginfo retrieved January 21 2019.
105
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Although Permian Basin production from wells drilled since 2009 covers parts of 61 counties,
production is concentrated in core areas or sweet-spots. Two counties account for 24% of cumulative oil
production, four counties account for 45% and the top ten counties accounted for 74%, as illustrated in
Figure 72. The Permian Basin also produces large volumes of gas, which accounted for 36% of
cumulative production on an oil equivalent basis from 2010 through late-2018.

Figure 72. Cumulative oil and gas production from wells drilled since 2009 by county in the
Permian Basin through late-2018.107

107

Data from Drillinginfo retrieved January 2019.
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4.3.1 Drilling
The annual drilling rate over the 2009 to 2018 period is illustrated in Figure 73. Although the actual
drilling rate peaked in 2011, 79% of those wells were vertical or directional and targeting conventional
reservoirs. In 2018, Horizontal drilling reached its highest rate ever, at 4,177 wells, or 83% of all wells
drilled. Vertical drilling since 2016 has largely been replaced by horizontal, fracked wells. More
aggressive fracking technology coupled with longer horizontal laterals mean that a 2018 well is
equivalent to 4.2 wells drilled in 2012 in terms the amount of reservoir accessed (see Figure 17). The
4,177 horizontal wells drilled in 2018 are therefore equivalent to 17,794 wells drilled in 2012.
Although this represents a significant cost saving for operators and reduces the surface impact, it also
means that drilling locations thought to be available in 2012 are being consumed 4.2 times as fast
as the drilling rate would indicate. Enhanced technology as practiced in 2018 will certainly allow the
resource to be extracted with fewer wells, but will not necessarily increase the ultimate recoverable
resource.

Figure 73. Wells completed per year in the Permian Basin from 2009 to 2018.
The expanded reach of post-2012 wells due to longer horizontal laterals and increased volumes of water and proppant
injection is shown in terms of ‘2012-equivalent wells’ that would have been needed without it (see Figure 17).108

108

Data from Drillinginfo retrieved December 2018.
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4.3.2 Technology Development
The length of horizontal laterals drilled in the Permian Basin from 2006 to 2018 is illustrated in Figure
74. Lateral length is controlled by the configuration of land leases, geology, and technology. Although a
few laterals have exceeded 15,000 feet, the vast majority of recent wells range between 4,000 and
10,000 feet, with a 2018 average of 6,860 feet.

Figure 74. Horizontal lateral length (individual wells) in the Permian Basin, 2006 to 2018.109
Although 6,860 feet was the average in 2018, a few wells have exceeded 15,000 feet.

109

Data from Drillinginfo retrieved August 2018.
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Figure 75 illustrates the average horizontal lateral length by county from 2009 to 2018. The average
lateral length has increased 135% since 2009, from 2,922 to 6,860 feet. The rate of increase in lateral
length appears to be decreasing in most counties and on average declined slightly in 2018.

Figure 75. Average horizontal lateral length by county in the Permian Basin from 2009 to
2018.110

110

Data from Drillinginfo retrieved August 2018.
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Water injection per well has increased 6.8 times since 2012 and in 2018 averaged 13.2 million
gallons per well (Figure 76). Some wells, however, have exceeded 35 million gallons. This has made
wells considerably more productive and able to drain much more reservoir, as outlined below. The
Permian Basin is an arid region and water makes up 15% of the cost of a well,111 which could prove to
be a constraint on future production as drilling rates of fracked wells escalate from the all-time record of
2018.

Figure 76. Water injection per well (individual wells) in the Permian Basin, 2011 to 2018.
Average injection was about 13.2 million gallons per well in 2018, up 6.8 times since 2012, although more than 35
million gallons were injected into some wells.112

Oilprice, January 17 2019, Low oil prices are not the only problem for the Permian, https://oilprice.com/Energy/Energy-General/Low-OilPrices-Are-Not-The-Only-Problem-For-The-Permian.html
112 Data from Fracfocus retrieved August 2018.
111
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Average water injection per well and per lateral foot from 2012 to 2018 is illustrated in Figure 77.
Water injection per foot has increased 4.3 times since 2012 to 1,925 gallons in 2018. The injection
rate of water and proppant declined slightly in 2018, suggesting that the ability to continue increasing
average injection volumes has reached its limits.

Figure 77. Average water injection per well and per horizontal lateral foot in the Permian Basin,
2012 to 2018.
Average injection per well in 2018 was 13.2 million gallons and 1,925 gallons per foot.113 Injection per well and per foot
has increased 6.8 and 4.3 times since 2012, respectively.

113

Data from Drillinginfo retrieved August 2018 and Fracfocus retrieved August 2018.
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Proppants, which are mainly sand and in some cases artificial and resin-coated materials, as well as
other additives, typically make up 12% on a mass basis of injected fluid. Figure 78 illustrates the
amount of proppant relative to the amount of water injected on average per lateral foot. Typically, one
gallon of injected fluid contains about one pound of proppant/additives, so in 2018 the average well
injected 1,925 gallons of water and 1,926 pounds of proppant/additives per lateral foot.114

Figure 78. Relationship between water and proppant injection per lateral foot in the Permian
Basin, 2012 to 2018.
Proppant typically averages about 12% on a mass basis of the injected fluid, hence one U.S. gallon of injected water
contains about one pound of proppant and other additives. 115 In 2018, 1,926 pounds of proppant and additives were
injected per foot along with 1,925 gallons of water.

114
115

Fracfocus database August 2018 and Drillinginfo August 2018.
Data from Drillinginfo retrieved August 2018 and Fracfocus retrieved August 2018.
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4.3.3 Well Productivity
Production of oil on a barrels of oil equivalent per lateral foot over the first 12 months of well life from
2006 to 2017 is illustrated in Figure 79. The majority of wells produce between 5 and 30 barrels per
foot with an average as of mid-2017 of about 19 barrels of oil. Increased injection volumes of water and
proppant have allowed production to increase significantly in the past few years.

Figure 79. Oil production per lateral foot (individual wells) over the first 12-months of well life in
the Permian Basin, 2006 to 2017.116
In mid-2017, the average well produced about 19 barrels of oil per foot over the first 12 months, but there is a lot of
variation between wells.

116

Data from Drillinginfo retrieved August 2018.
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Figure 80 illustrates oil and gas production per lateral foot over the first six months of well life
compared to injection of water and proppants from 2012 to 2018. Injection volumes of
water/proppant have increased by 329% since 2012 and have resulted in an increase of 84% in oil
production and 67% in gas production, for an overall increase in barrels of oil equivalent of 78%.117 It
appears that the increase in water and proppant injection is reaching it practical limits as overall
volumes declined slightly in 2018.

Figure 80. Oil and gas production per lateral foot over the first six months of well life compared
to injection of water and proppants from 2012 to 2018 in the Permian Basin.
More than quadrupling injection volumes has increased production on a barrels of oil equivalent basis by 78%.118

117
118

Data from Drillinginfo retrieved August 2018 and Fracfocus retrieved August 2018.
Data from Drillinginfo retrieved August 2018 and Fracfocus retrieved August 2018.
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The amount of growth of water and proppant injection versus production from 2012 to 2018 is
illustrated in Figure 81. Although the impact of much larger injections on increased production is clear,
water/proppant injection increased 4.2-fold more than oil and gas production as of 2017 on a per
lateral foot basis.

Figure 81. Change in average production and water/proppant injection from 2012 to 2018 in
the Permian Basin.119
Water/proppant injection increased 4.2 times as fast as production on a barrels of oil equivalent basis.

119

Data from Drillinginfo retrieved August 2018 and Fracfocus retrieved August 2018.
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Oil production per lateral foot by county over the first 12-months of well life is illustrated in Figure 82
from 2010 through 2016. Oil production has increased markedly in Lea County, the top cumulative oil
producer in the Permian, but has declined in Reeves, Eddy and Midland counties (the second, third and
fourth largest producers, respectively) between 2015 and 2015, despite increased injection of water
and proppant.

Figure 82. Oil production per lateral foot by county over the first 12-months of well life from
2010 to 2016 in the Permian Basin.120

120

Data from Drillinginfo retrieved August 2018.
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Gas production per lateral foot by county over the first 12-months of well life from 2010 to 2016 is
illustrated in Figure 83. Since 2013, gas production has increased markedly in Reeves and Lea
counties, the second and third highest cumulative producers of oil, but has declined in Eddy County, the
top oil producer. Overall, gas production per lateral foot in the Permian has been increasing since 2012.

Figure 83. Gas production per lateral foot by county over the first 12-months of well life from
2010 to 2016 in the Permian Basin.121
Gas production has gone up 43% since 2013 on average.

121

Data from Drillinginfo retrieved August 2018.
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Combined oil and gas production on a barrels of oil equivalent basis per lateral foot by county over the
first 12-months of well life is illustrated in Figure 84. Declining oil productivity and increasing gas
productivity has resulted in a slight combined increase on average in 2016 compared to 2015, after a
significant ramp up since 2012. In 2016, a 35% decline is evident in Eddy County, the top oil producer,
although other counties have remained flat or increased slightly since 2015. The decline in productivity
in Eddy County may be a result of well interference due to ‘frac-hits’ from well overcrowding.122

Figure 84. Oil and gas production on a barrels of oil equivalent per lateral foot basis by county
over the first 12-months of well life from 2010 to 2016 in the Permian Basin.123
The second and third highest oil producing counties—Reeves and Lea—have increased substantially since 2012, whereas
in Eddy County, the top oil producer, productivity declined 35% between 2015 and 2016.

Journal of Petroleum Technology, November 2017, Frac Hits reveal well spacing may be too tight, completion volumes too large,
https://www.slb.com/~/media/Files/stimulation/industry_articles/201711-jpt-frac-hits-tight-spacing-large-completion-volumes.pdf .
123 Data from Drillinginfo retrieved August 2018.
122
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The impact of better technology on oil and gas production per lateral foot over the 2012 to 2017 period
by county is illustrated in Figure 85. Although there have been significant improvements in productivity
with increases in water and proppant injection volumes, there is wide variability between counties.
Reeves County, the second highest oil producer, has increased the most, although the impact is
greatest over the first six months with lesser impact by the time wells are 24-months old. This indicates
that although production is moved forward, increased volumes of water and proppant have less impact
on long term recovery than the six-month rate would indicate.

Figure 85. Growth in barrels of oil and gas production per lateral foot by county from 2012 to
2017 in the Permian Basin.124
Well productivity grew fastest in Reeves County, the second highest oil producer, over the first six months of well life.

124

Data from Drillinginfo retrieved August 2018.
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The production of formation water increased rapidly in the Permian Basin from 2008 to 2017 as
illustrated in Figure 86. In 2017, formation water made up 67% of production per lateral foot over the
first six months of well life, followed by oil at 22% and gas at 11%. Formation water is highly saline
and must be disposed of, usually by reinjection (although some may be recycled). A recent study by
Woods-Mackenzie suggested current disposal costs in the Permian Basin are $2.50 per barrel by truck
and as low as $0.30 per barrel by pipeline, although costs are projected to rise to between $3.00 and
$6.00 per barrel by 2025.125

Figure 86. Water, gas, and oil production per lateral foot over the first six months of well life in
the Permian Basin, 2008 to 2017.126
Gas is expressed as barrels of oil equivalent. Figure indicates produced water (mostly formation water but may include
some injected water over the first few weeks).

Society of Petroleum Engineers, June 12, 2018, Rising Tide of Produced Water Could Pinch Permian Growth, https://www.spe.org/en/printarticle/?art=4273
126 Data from Drillinginfo retrieved August 2018.
125

How Long Will the Shale Revolution Last?

95

The trends by county in formation water and gas production versus oil production per lateral foot are
illustrated in Figure 87 for the first 12 months of well life. On average, oil production relative to gas plus
water has been fairly constant, although there is variability between counties. In 2016, oil in Midland,
Lee and Eddy counties amounted to 35%, 32% and 27% of production, respectively, versus 17% in
Reeves County and 22% for counties outside of the top four.

Figure 87. Percentage of oil produced per lateral foot relative to gas plus water over the first
twelve months of well life by county from 2011 to 2016 in the Permian Basin.127

127

Data from Drillinginfo retrieved August 2018.
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4.3.4 Synopsis
Key takeaways are as follows:
-

The Permian Basin has produced large volumes of oil and gas for nearly a century. New plays
and extensions of old plays developed within it as a result of horizontal drilling and fracking
technology are now largely mature—sweet spots have been defined and are being drilled off.
Since 2009, four counties out of 61 have accounted for 45% of cumulative oil production of
which two have accounted for 24%.

-

Individual wells decline quickly. The average horizontal well declines 86% over the first three
years of well life, so continual drilling is necessary to maintain field production.

-

Overall field decline, including legacy wells producing at much lower rates than new wells, is
24% per year. Assuming every new well produces oil at the most recent 12-month average,
2,121 new wells per year, or 51% of the estimated 4,133 wells drilled in 2018, are needed to
offset field decline. At an average cost of $7.5 million per well,128 an annual expenditure of
$15.9 billion is required each year to keep oil production flat at its current rate of 3.03 million
barrels per day.

-

Since 2012, horizontal lateral lengths have increased by 59% to an average of 6,860 feet in
2018, and water and proppant injection has increased by 329% per lateral foot. Total water
injection per well has increased 585% to 13.2 million gallons from 2012 to 2018. As a result, a
2018 well accesses on average 323% more reservoir rock than a 2012 well. This has meant
large cost-savings for operators but is unlikely to increase the ultimate recovery of the play—it
simply allows the play to be drained with fewer wells.

-

The limits of increased lateral length and increased water and proppant injection volumes
appear to have reached their limits. Horizontal lengths and water and proppant injection
declined slightly in 2018.

-

Oil production per lateral foot over the first 12-months of well life declined on average in 2016
(the most recent full-year 12-month data available), despite increased volumes of water and
proppant injection. Three of the top four counties declined significantly: Eddy County, the top oil
producer, declined by 35% and Midland and Lea counties declined by 5% each. Countering this
was an increase of 36% in Lea County and an increase of 12% on average in counties outside of
the top four. This suggests that in three of the top four counties, sweet spots are reaching their
limits and frac-hits from overcrowding wells and/or drilling in lower quality parts of counties has
decreased productivity in spite of increased water and proppant injection. Increased gas
production has increased productivity slightly overall on a barrels of oil equivalent basis.

-

Drilling rates estimated for 2018 will allow significant growth in overall Permian Basin
production, but declining well productivity as sweet-spots are exhausted will require higher
drilling rates and expenditures in the future to maintain growth and offset field decline.

Energy Information Administration, March 2016, Trends in U.S. Oil and Natural Gas Upstream Costs,
https://www.eia.gov/analysis/studies/drilling/pdf/upstream.pdf
128
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4.4 NIOBRARA PLAY
The Niobrara Play, located mainly in north-central Colorado and southern Wyoming, has been producing
oil and gas since the 1960s. Redevelopment and extension of the play using horizontal wells and
fracking technology began in middle of the last decade and the play currently produces 7% of U.S. tight
oil (Figure 1). Production is growing with higher drilling rates and the application of more aggressive
fracking technology. As of late-2018, more than 36,400 wells had been drilled in the play.129 The
distribution of older and post-2011 wells are shown in Figure 88.

Figure 88. Well distribution by highest month oil production in the Niobrara Play of Colorado and
Wyoming.130
The outline of Weld County, where most production in centered, is also shown.

Drillinginfo retrieved January 2019.
Data from Drillinginfo retrieved September 2017. Energy Information Administration play outline from March, 2016 shapefile. Map
produced by John Van Hoesen.
129
130
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Although the Niobrara Play covers parts of 36 counties, production is concentrated in core areas or
sweet-spots. Weld County has accounted for 83% of cumulative oil production and 78% of the gas
production, and the top four counties have accounted for 96% and 94% of oil and gas production,
respectively, as illustrated in Figure 89. The Niobrara Play produces more gas than oil, with gas
accounting for 57% of production on an oil equivalent basis. Cumulative production as of mid-2018
amounted to 0.76 billion barrels of oil and 6.07 trillion cubic feet of gas (or 1.01 billion barrels of oil
equivalent).

Figure 89. Cumulative oil and gas production by county in the Niobrara Play through mid2018.131

131

Data from Drillinginfo retrieved October 2018.
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4.4.1 Drilling
The annual drilling rate over the 2009 to 2018 period is illustrated in Figure 90. Although the actual
drilling rate peaked in 2011, the increase in horizontal lateral lengths coupled with an increase in
water/proppant injection allowed production to continue growing. More aggressive fracking technology
coupled with longer horizontal laterals mean that a 2018 well is equivalent to 2.5 2012 wells in terms
the amount of reservoir accessed (see Figure 17). The 868 wells drilled in 2018 are therefore
equivalent to 2,172 wells drilled in 2012. Although this represents a significant cost saving for
operators and reduces the surface impact, it also means that drilling locations thought to be available
in 2012 are being consumed 2.5 times as fast as the drilling rate would indicate. Enhanced
technology as practiced in 2018 will certainly allow the resource to be extracted with fewer wells, but
will not necessarily increase the ultimate recoverable resource.

Figure 90. Wells completed per year in the Niobrara Play from 2009 to 2018. 132
The expanded reach of post-2012 wells due to longer horizontal laterals and increased volumes of water and proppant
injection is shown in terms of ‘2012-equivalent wells’ that would have been needed without it (see Figure 17).

132

Data from Drillinginfo retrieved December 2018.
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4.4.2 Technology Development
The length of horizontal laterals drilled in the Niobrara from 2010 to 2018 is illustrated in Figure 91.
Lateral length is controlled by the configuration of land leases, geology, and technology. Although a few
laterals have exceeded 14,000 feet, the vast majority range between 4,000 and 10,000 feet with a
2018 average of 6,565 feet.

Figure 91. Horizontal lateral length (individual wells) in the Niobrara Play, 2010 to 2018.133
Although 6,565 feet was the average in 2018, a few wells have exceeded 14,000 feet.

133

Data from Drillinginfo retrieved October 2018.
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Figure 92 illustrates the average horizontal lateral length by county from 2010 to 2018. Weld County,
the top cumulative producer, averaged 6,479 feet in 2018, whereas other counties averaged 8,529
feet. The average lateral length has increased by 65% since 2010.

Figure 92. Average horizontal lateral length by county in the Niobrara Play, 2010 to 2018.134

134

Data from Drillinginfo retrieved October 2018.
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Water injection per well has increased 3.4 times since 2012 and in 2018 averaged 6.9 million
gallons per well (Figure 93). Some wells, however, have exceeded 25 million gallons. This has made
wells considerably more productive and able to drain much more reservoir, as outlined below.

Figure 93. Water injection per well (individual wells) in the Niobrara Play, 2011 to 2018.
Average injection was about 6.9 million gallons per well in 2018, up 3.4-fold since 2012, although some wells injected
more than 25 million gallons.135

135

Data from Fracfocus retrieved August 2018.
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Average water injection per well and per lateral foot from 2012 to 2018 is illustrated in Figure 94.
Water injection per foot has increased 2.1 times since 2012 to 1,056 gallons in 2018. The volume of
water and proppant injected has declined in 2018.

Figure 94. Average water injection per well and per horizontal lateral foot in the Niobrara Play,
2012 to 2018.
Average injection per well in 2018 was 6.9 million gallons and 1,056 gallons per foot.136 Injection per well and per foot
has increased 3.4 and 2.1 times since 2012, respectively.

136

Data from Drillinginfo retrieved October 2018 and Fracfocus retrieved August 2018.
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Proppants, which are mainly sand and in some cases artificial and resin-coated materials, as well as
other additives, typically make up 12% on a mass basis of injected fluid. Figure 95 illustrates the
amount of proppant relative to the amount of water injected on average per lateral foot. Typically, one
gallon of injected fluid contains about one pound of proppant/additives, so in 2018 the average well
injected 1,056 gallons of water and 1,057 pounds of proppant/additives per lateral foot.137

Figure 95. Relationship between water and proppant injection per lateral foot in the Niobrara
Play, 2012 to 2018.
Proppant typically averages about 12% on a mass basis of the injected fluid, hence one U.S. gallon of injected water
contains about one pound of proppant and other additives. 138 In 2018, 1,057 pounds of proppant and additives were
injected per foot along with 1,056 gallons of water.

137
138

Fracfocus database and Drillinginfo.
Data from Drillinginfo retrieved October 2018 and Fracfocus retrieved August 2018.
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4.4.3 Well Productivity
Production of oil and gas per lateral foot on a barrels of oil equivalent basis over the first 12 months of
well life from 2010 to 2017 is illustrated in Figure 96. The majority of wells produce between 10 and 30
barrels per foot with an average as of mid-2017 of about 17 barrels. Despite higher volumes of water
and proppant injection, production per lateral foot has been flat or declining in recent years.

Figure 96. Oil and gas production per lateral foot (individual wells) over the first 12-months of
well life in the Niobrara Play, 2010 to 2017.139
In mid-2017, the average well produced about 17 barrels of oil and gas per foot over the first 12 months, but there is a
lot of variation between wells.

139

Data from Drillinginfo retrieved October 2018.
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Figure 97 illustrates oil and gas production per lateral foot over the first six months of well life
compared to injection of water and proppants from 2012 to 2018. As of 2017, injection volumes of
water/proppant had increased by 131% since 2012 yet production had fallen 29% for oil, 24% for
gas, and 27% on a combined oil and gas basis.140 Increasing the volume of water and proppant
injection has only served to slow production decline, which suggests that lower quality portions of the
play are being drilled and/or frac-hits from overcrowding wells are lowering productivity.141 It also
appears that the increase in water/proppant injections has reaching it practical limits as overall
volumes declined in 2018.

Figure 97. Oil and gas production per lateral foot over the first six months of well life compared
to injection of water and proppants from 2012 to 2018 in the Niobrara Play.
More than doubling injection volumes has only slowed declines in well productivity which were 27% below 2012 levels
for oil and gas combined in 2017.142

Data from Drillinginfo retrieved October 2018 and Fracfocus retrieved August 2018.
Journal of Petroleum Technology, November 2017, Frac Hits reveal well spacing may be too tight, completion volumes too large,
https://www.slb.com/~/media/Files/stimulation/industry_articles/201711-jpt-frac-hits-tight-spacing-large-completion-volumes.pdf .
142 Data from Drillinginfo retrieved October 2018 and Fracfocus retrieved August 2018.
140
141
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Growth of water and proppant injection per lateral foot versus production from 2012 to 2017 is
illustrated in Figure 98. Much larger injections have allowed productivity to remain relatively constant
through 2016 and have slowed productivity decline in 2017. Increased volumes of water and proppant
comes with higher cost, however, hence per unit production in the Niobrara is rising.

Figure 98. Change in average production and water/proppant injection from 2012 to 2017 in
the Niobrara Play.143
Water/proppant injection has increased 2.3 times since 2012 whereas productivity for oil and gas declined 27% on a
barrels of oil equivalent basis in 2017.

143

Data from Drillinginfo retrieved October 2018 and Fracfocus retrieved August 2018.
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Oil production per lateral foot by county over the first six months of well life from 2010 to 2017 is
illustrated in Figure 99. So far, most drilling and production has occurred in Weld County, where
productivity declined slightly from 2012 to 2016 and declined more steeply in 2017. Drilling rates in
counties outside of Weld are highly variable, hence productivity is volatile between years depending on
where wells are drilled in a particular year. Due to the dominance of Weld County, average productivity
in the play has paralleled the decline there.

Figure 99. Oil production per lateral foot by county over the first six months of well life from
2010 to 2017 in the Niobrara Play.144
Average productivity for the play declined significantly in 2017.

144

Data from Drillinginfo retrieved October 2018.
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Gas production per lateral foot by county over the first six months of well life from 2010 to 2017 is
illustrated in Figure 100. Over most of this period, counties outside of Weld have had higher gas
productivity. All counties, along with the play average, show a decline in gas productivity in 2017.

Figure 100. Gas production per lateral foot by county over the first six months of well life from
2010 to 2017 in the Niobrara Play.145

145

Data from Drillinginfo retrieved October 2018.
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Combined oil and gas production on a barrels of oil equivalent basis per lateral foot by county over the
first six months of well life from 2010 to 2017 is illustrated in Figure 101. Due to higher gas production,
counties outside of Weld have had the highest productivity in some years over this period. Despite
higher water and proppant injection, the play average was essentially flat through 2016 and declined
significantly in 2017. This may be an indication of over-crowding wells and ‘frac-hits’, where infill child
wells cannibalize production from parent wells.146

Figure 101. Oil and gas production on a barrels of oil equivalent per lateral foot basis by county
over the first six months of well life from 2010 to 2017 in the Niobrara Play.147
Despite increases in water and proppant injection, well productivity, which was essentially flat through 2016, declined
significantly in 2017.

Journal of Petroleum Technology, November 2017, Frac Hits reveal well spacing may be too tight, completion volumes too large,
https://www.slb.com/~/media/Files/stimulation/industry_articles/201711-jpt-frac-hits-tight-spacing-large-completion-volumes.pdf .
147 Data from Drillinginfo retrieved October 2018.
146
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The production of formation water has been relatively constant in the Niobrara since 2012 as illustrated
in Figure 102. In 2017, oil made up 48% of production per lateral foot over the first six months of well
life, followed by gas at 29% and formation water at 23%. Formation water is highly saline and must be
disposed of, usually by reinjection. Although no data are available on the cost of water disposal in the
Niobrara, water disposal costs range between $2 and $17 per barrel in the Bakken.148 A recent study by
Woods-Mackenzie suggests current disposal costs in the Permian Basin are $2.50 per barrel by truck
and $0.30 per barrel by pipeline, although costs are projected to rise to between $3.00 and $6.00 per
barrel by 2025.149

Figure 102. Water, gas, and oil production per lateral foot over the first six months of well life
from 2009 to 2017 in the Niobrara Play.150
Gas is expressed as barrels of oil equivalent. Figure indicates produced water (mostly formation water but may include
some injected water over the first few weeks).

148

Water Consumption in the Bakken, University of North Dakota Energy & Environmental Research Center 2014,
http://www.undeerc.org/bakken/water-consumption-in-the-bakken.aspx
149 Society of Petroleum Engineers, June 12, 2018, Rising Tide of Produced Water Could Pinch Permian Growth, https://www.spe.org/en/printarticle/?art=4273
150 Data from Drillinginfo retrieved August 2018.

How Long Will the Shale Revolution Last?

112

4.4.4 Synopsis
Key takeaways are as follows:

151

-

The Niobrara, where it has been intensively developed over decades in Weld County, is now a
late stage play—well productivity is falling as sweet spots become overcrowded and well
interference reduces production. There is potential for expanding production outside of the
densely drilled area which is being pursued to some extent. Four counties out of 36 have
accounted for 96% of cumulative oil production of which Weld County accounted for 83%.

-

Individual wells decline quickly. The average well declines by 90% over the first three years of
well life, so continual drilling is necessary to maintain field production.

-

Overall field decline, including legacy wells producing at much lower rates than new wells, is
50% per year. Assuming every new well produces oil at the most recent 12-month average,
1,243 new wells per year, or 43% more wells than the estimated 868 wells drilled in 2018,
are needed to offset field decline. At an average cost of $5 million per well,151 an annual
expenditure of $6.2 billion is required each year to keep oil production flat at its current rate of
0.47 million barrels per day.

-

Since 2012, horizontal lateral lengths have increased by 61% to an average of 6,565 feet in
2018, and water and proppant injection has increased by 112% per lateral foot. Total water
injection per well has increased 240% to 6.9 million gallons from 2012 to 2018. As a result, a
2018 well accesses on average 150% more reservoir rock than a 2012 well. This has meant
large cost-savings for operators but is unlikely to increase the ultimate recovery of the play—it
simply allows the play to be drained with fewer wells.

-

There appears to be significant deterioration in well productivity through over-crowding of wells
in sweet spots resulting in well interference and/or drilling in more marginal areas that are
outside of sweet-spots. Despite increased water and proppant injection volumes, well
productivity was essentially flat through 2016 and declined significantly in 2017. This means
that increased water/proppant volumes are not increasing the productivity of wells, however
they are likely maintaining productivity at higher levels than it otherwise would be. Technology
improvements appear to have hit the law of diminishing returns as horizontal lateral lengths and
water/proppant injection volumes decreased slightly in 2018.

-

Drilling rates estimated for 2018 will see a decrease in overall Niobrara production. Significantly
higher drilling rates and defining and developing sweet spots outside of the Weld County core
area could see increased production in the future.

BTU Analytics, December 10 2015, https://btuanalytics.com/dj-basin-oil-drilling-economics/
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5. Analysis of shale gas plays
The following section assesses each of the six gas-prone shale plays in more detail analyzing county
level variability in technology and well productivity trends.

5.1 MARCELLUS PLAY
The Marcellus Play of Pennsylvania, northern West Virginia, and eastern Ohio is by far the largest U.S.
shale gas play. In 2018, the Marcellus produced 33% of U.S. shale gas (see Figure 2). As of late-2018,
more than 14,600 wells had been drilled in the play.152 The highest productivity wells are concentrated
in northeast and southwest Pennsylvania, as well as northern West Virginia, as shown in Figure 103.
The southwestern sweet-spot also produces some liquids, which have helped economics in that area.

Figure 103. Well distribution by highest month gas production in the Marcellus Play of
Pennsylvania, northern West Virginia and eastern Ohio.153
The locations of top counties discussed in this section are also shown.

Drillinginfo retrieved January 2019.
Data from Drillinginfo retrieved September 2017. Energy Information Administration play outline from March, 2016 shapefile. Map
produced by John Van Hoesen.
152
153
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Although the Marcellus Play covers parts or all of 86 counties, production is concentrated in five
counties, as illustrated in Figure 104. Of the 36.7 trillion cubic feet of cumulative production as of late2018, 34% has come from two counties, Susquehanna and Bradford, and 62% from the top five
counties. Although some liquids are produced from the Marcellus, 98.6% of production is natural gas.

Figure 104. Cumulative oil and gas production by county in the Marcellus Play through late2018.154

154

Data from Drillinginfo retrieved January 2019.
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5.1.1 Drilling
The annual drilling rate over the 2009 to 2018 period is illustrated in Figure 105. Although the actual
drilling rate peaked in 2013, the increase in horizontal lateral lengths coupled with a major increase in
water/proppant injection, means that a 2018 well is equivalent to 2.17 2012 wells in terms the amount
of reservoir accessed (see Figure 17 and above discussion). The 1,320 wells drilled in 2018 are
equivalent to 2,864 wells drilled in 2012. Although this represents a significant cost saving for
operators and reduces the surface impact, it also means that drilling locations thought to be available
in 2012 are being consumed more than twice as fast as the drilling rate would indicate. Enhanced
technology as practiced in 2018 will certainly allow the resource to be extracted with fewer wells, but
will not necessarily increase the ultimate recoverable resource.

Figure 105. Wells completed per year in the Marcellus Play from 2009 to 2018.
The expanded reach of post-2012 wells due to longer horizontal laterals and increased volumes of water and proppant
injection is shown in terms of ‘2012-equivalent wells’ that would have been needed without it (see Figure 17).155

155

Data from Drillinginfo retrieved December 2018.
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5.1.2 Technology Development
The length of horizontal laterals drilled in the Marcellus from 2008 to 2018 is illustrated in Figure 106.
Lateral length is controlled by the configuration of land leases, geology, and technology. Although a few
laterals have reached more than 14,000 feet, the vast majority range between 5,000 and 9,000 feet
with a 2017 average of 7,555 feet.

Figure 106. Horizontal lateral length (individual wells) in the Marcellus Play, 2008 to 2018.156
Although 7,555 feet was the average in 2017, a few wells have exceeded 14,000 feet.

156

Data from Drillinginfo retrieved September 2018.
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Figure 107 illustrates the average horizontal lateral length by county from 2008 to 2017. As of 2017,
lateral length had increased by 276% since 2008 and 72% since 2012.

Figure 107. Average horizontal lateral length by county in the Marcellus Play from 2008 to
2017.157

157

Data from Drillinginfo retrieved September 2018.
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Water injection per well has increased 2.8 times since 2012 and in 2018 averaged 13.5 million
gallons per well (Figure 108). Some wells, however, have exceeded 30 million gallons. This has made
wells considerably more productive and able to drain much more reservoir, as outlined below.

Figure 108. Water injection per well (individual wells) in the Marcellus Play, 2011 to 2018.158
Average injection was about 13.5 million gallons per well in 2018, up 2.8-fold since 2012, although some wells injected
more than 30 million gallons.

158

Data from Fracfocus retrieved August 2018.
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Average water injection per well and per lateral foot from 2012 to 2018 is illustrated in Figure 109.
Water injection per foot has increased 1.7 times since 2012 to 1,957 gallons in 2018.

Figure 109. Average water injection per well and per horizontal lateral foot in the Marcellus
Play, 2012 to 2018.
Average injection per well in 2018 was 13.5 million gallons and 1,957 gallons per foot. 159 Injection per well and per foot
has increased 2.8 and 1.7 times since 2012, respectively.

159

Data from Drillinginfo retrieved September 2018 and Fracfocus retrieved August 2018.
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Proppants, which are mainly sand and in some cases artificial and resin-coated materials, as well as
other additives, typically make up 12% on a mass basis of injected fluid. Figure 110 illustrates the
amount of proppant relative to the amount of water injected on average per lateral foot. Typically, one
gallon of injected fluid contains about one pound of proppant/additives, so in 2018 the average well
injected 1,957 gallons of water and 1,957 pounds of proppant/additives per lateral foot.160

Figure 110. Relationship between water and proppant injection per lateral foot from 2012 to
2018 in the Marcellus Play.161
Proppant typically averages about 12% on a mass basis of the injected fluid, hence one U.S. gallon of injected water
contains about one pound of proppant and other additives. In 2018, 1,957 pounds of proppant and additives were
injected per foot along with 1,957 gallons of water.

160
161

Fracfocus database and Drillinginfo.
Data from Drillinginfo retrieved September 2018 and Fracfocus retrieved August 2018.
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5.1.3 Well Productivity
Oil and gas production per lateral foot from 2011 to 2017 over the first 12 months of well life is
illustrated in Figure 111. As of mid-2017, the majority of wells produced between 30 and 70 barrels per
foot with an average of about 40 barrels. Productivity per foot has been declining since 2014, despite
higher injection volumes.

Figure 111. Oil production per lateral foot (individual wells) over the first 12-months of well life
in the Marcellus Play , 2011 to 2017.162
In mid-2017, the average well produced about 40 barrels per foot on an oil equivalent basis over the first 12 months.

162

Data from Drillinginfo retrieved September 2018.
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Figure 112 illustrates oil and gas production per lateral foot from 2012 to 2018 over the first six
months of well life compared to injection of water and proppants. Injection volumes of water/proppant
have increased by 50% since 2012 yet gas production per foot has remained essentially flat. Liquids
production has increased slightly, however, such that on an oil equivalent basis production has
increased by 9% over this period.163

Figure 112. Oil and gas production per lateral foot over the first six months of well life compared
to injection of water and proppants from 2012 to 2018 in the Marcellus Play.164
Increasing water and proppant injection by 50% through 2017 has increased production by 9% on a barrels of oil
equivalent basis.

163
164

Data from Drillinginfo retrieved September 2018 and Fracfocus retrieved August 2018.
Data from Drillinginfo retrieved September 2018 and Fracfocus retrieved August 2018.
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Growth of water/proppant injection versus production over the first 6-, 12- and 24-months of well life
from 2012 to 2018 is illustrated in Figure 113. Although larger injections have increased production per
foot slightly, water/proppant injection since 2012 has increased 5.7-fold more than oil and gas
production as of 2017.

Figure 113. Change in average production and water/proppant injection from 2012 to 2018 in
the Marcellus Play.165
From 2012 to 2017, water and proppant injection increased 5.1 times as fast as production on a barrels of oil
equivalent basis.

165

Data from Drillinginfo retrieved September 2018 and Fracfocus retrieved August 2018.

How Long Will the Shale Revolution Last?

125

Gas production per lateral foot by county over the first 12-months of well life from 2009 to 2016 is
illustrated in Figure 114.166 Overall productivity peaked in 2014 and has declined by 24% since then.
The top two counties in terms of cumulative production, Susquehanna and Bradford, have declined by
56% and 20%, respectively, since 2013. The only county that has increased since 2013 is Washington,
the main ‘wet’ county as it produces some liquids, which is up 11% between 2013 and 2016.
The steep productivity declines in the top two counties likely reflects the exhaustion of the highest
quality drilling locations with new drilling moving into lower quality locations and/or overcrowding
existing locations resulting in frac-hits. This, and the overall declined in productivity in the Marcellus,
suggests that technology improvement of productivity has reached its limits.

Figure 114. Gas production per lateral foot by county over the first 12-months of well life from
2009 to 2016 in the Marcellus Play.167
Average productivity, and productivity in all counties except Washington, have declined since 2013.

Data from Pennsylvania and West Virginia are less complete than most other states. Data on the production of produced formation water
from wells is non-existent, for example, and data on upper and lower perforations, from which horizontal lateral lengths are calculated, are not
available for all wells in 2016, 2017 and 2018, which made it impossible to calculate reliable well productivities for Greene and Bradford
counties for 2016. This report presents the best data available given the inadequacies of states like Pennsylvania and West Virginia.
167 Data from Drillinginfo retrieved September 2018.
166
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The impact of better technology on productivity per lateral foot by county over the first 6-, 12- and 24months of well life from 2013 to 2016 is illustrated in Figure 115. As discussed above, the only county
that exhibited an increase in productivity over this period was Washington. All other counties exhibited
productivity declines, which suggests that, on average, increasing injection volumes of water and
proppant is serving only to slow declines in well productivity, not adding significant production.

Figure 115. Change in gas production per lateral foot by county over the first 6-, 12- and 24months of well life from 2013 to 2016 in the Marcellus Play.168
Well productivity for the play as a whole declined 24% over this period.

168

Data from Drillinginfo retrieved September 2018.
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5.1.4 Synopsis
Key takeaways are as follows:
-

The Marcellus, although very large, is a mature play—sweet spots have been defined and are
being drilled off. As with other plays, production is concentrated in a few counties, with the top
five accounting for 62% of cumulative production. Average well productivity per lateral foot
has declined 24% in the play since 2013, and productivity in the top two counties,
Susquehanna and Bradford, has declined 56% and 20%, respectively, since then. These two
counties, which have accounted for 34% of cumulative Marcellus production, appear to have
reached the limits of available high-quality locations—new locations are either in lower quality
portions of these counties or drilled too close to existing wells, resulting in lower productivity.

-

Individual wells decline quickly. The average well declines by 72% over the first three years of
well life, so continual drilling is necessary to maintain field production.

-

Overall field decline, including legacy wells producing at much lower rates than new wells, is
29% per year. Assuming every new well produces gas at the most recent 12-month average,
1,251 new wells per year, or 95% of the estimated 1,320 wells drilled in 2018, are needed to
offset field decline. At an average cost of $6.4 million per well,169 an annual expenditure of $8
billion is required each year to keep production flat at its current rate of 21 billion cubic feet per
day.

-

Better technology has made a difference, although its impact appears to be mainly slowing the
decline in well productivity, not significantly increasing it. Increasing the length of horizontal
laterals by 58% and increasing water/proppant injection per lateral foot by 75% since 2012 has
allowed each 2018 well to access 2.2 times as much reservoir as in 2012. This means drilling
locations calculated in 2012 are being depleted 2.2 times as fast as the drilling rate indicates.
This has meant large cost-savings for operators but is unlikely to increase the ultimate recovery
of the play—it simply allows the play to be drained with fewer wells.

-

Technology improvement appears to be hitting its limits. Although water/proppant injection
increased in 2018, the average length of horizontal laterals declined somewhat. Overall
reservoir access per well increased slightly in 2018, however it remains to be seen what effect,
if any, this will have on 12-month production (see Figure 17).

-

Drilling has been concentrated on sweet spots, which have a limited areal extent and a finite
number of drilling locations. The rapid drop in productivity in the two top counties is likely
related to depletion of high-quality locations and/or frac hits.170 Notwithstanding this decline in
productivity, the rate of drilling estimated for 2018 will allow Marcellus production to continue to
grow.

Energy Information Administration, March 2016, Trends in U.S. Oil and Natural Gas Upstream Costs,
https://www.eia.gov/analysis/studies/drilling/pdf/upstream.pdf
170 Journal of Petroleum Technology, November 2017, Frac Hits reveal well spacing may be too tight, completion volumes too large,
https://www.slb.com/~/media/Files/stimulation/industry_articles/201711-jpt-frac-hits-tight-spacing-large-completion-volumes.pdf .
169
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5.2 UTICA PLAY
The Utica Play of eastern Ohio, northern West Virginia, and western Pennsylvania is an early stage play
that is potentially very large, although development outside of Ohio has been limited to date. In 2018,
the Utica produced 12% of U.S. shale gas (Figure 2). As of late-2018, more than 2,700 wells had been
drilled.171 The highest productivity wells are concentrated in southeast Ohio and Pennsylvania, as shown
in Figure 116. Although the Utica produces primarily gas, some liquids are produced in four southeast
Ohio counties, which have helped economics in that area.

Figure 116. Well distribution by highest month gas production in the Utica Play of southeast
Ohio, northern West Virginia and western Pennsylvania.172
The locations of top counties discussed in this section are also shown.

Drillinginfo retrieved February 2019.
Data from Drillinginfo retrieved September 2017. Energy Information Administration play outline from March, 2016 shapefile. Map
produced by John Van Hoesen.
171
172
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Although the Utica Play covers parts or all of 41 counties, production is concentrated in four counties,
as illustrated in Figure 117. Of the 6.8 trillion cubic feet of cumulative production as of late-2018, 51%
has come from two counties, Belmont and Munroe, and 74% from the top four counties. Although some
liquids are produced from the Utica, 93% of cumulative production is natural gas.

Figure 117. Cumulative oil and gas production by county in the Utica Play through late-2018.173

173

Data from Drillinginfo retrieved January 2019.
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5.2.1 Drilling
The annual drilling rate over the 2009 to 2018 period is illustrated in Figure 118. Although the actual
drilling rate peaked in 2013, the increase in horizontal lateral lengths coupled with a major increase in
water/proppant injection, means that a 2018 well is equivalent to 2.64 2012 wells in terms the amount
of reservoir accessed (see Figure 17 and above discussion). Therefore the 338 wells drilled in 2018
are equivalent to 892 wells drilled in 2012. Although this represents a significant cost saving for
operators and reduces the surface impact, it also means that drilling locations thought to be available
in 2012 are being consumed more than twice as fast as the drilling rate would indicate. Enhanced
technology as practiced in 2018 will certainly allow the resource to be extracted with fewer wells, but
will not necessarily increase the ultimate recoverable resource.

Figure 118. Wells completed per year in the Utica Play from 2009 to 2018.
The expanded reach of post-2012 wells due to longer horizontal laterals and increased volumes of water and proppant
injection is shown in terms of ‘2012-equivalent wells’ that would have been needed without it (see Figure 17).174

174

Data from Drillinginfo retrieved February 2019.
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5.2.2 Technology Development
The length of horizontal laterals drilled in the Utica from 2012 to 2018 is illustrated in Figure 119.
Lateral length is controlled by the configuration of land leases, geology, and technology. Although a few
laterals have reached more than 18,000 feet, the vast majority range between 6,000 and 11,000 feet
with a 2017 average of 9,906 feet.

Figure 119. Horizontal lateral length (individual wells) in the Utica Play, 2012 to 2018.175
Although 9,906 feet was the average in 2017, a few wells have exceeded 18,000 feet.

175

Data from Drillinginfo retrieved October 2018.
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Figure 120 illustrates the average horizontal lateral length by county from 2011 to 2018. As of 2018,
lateral length had increased by 105% compared to 2012.

Figure 120. Average horizontal lateral length by county in the Utica Play from 2011 to 2018.176

176

Data from Drillinginfo retrieved October 2018.
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Water injection per well has increased 3.6 times since 2012 and in 2018 averaged 16.4 million
gallons per well (Figure 121). Some wells, however, have exceeded 30 million gallons. This has made
wells considerably more productive and able to drain much more reservoir, as outlined below.

Figure 121. Water injection per well (individual wells) in the Utica Play, 2012 to 2018.
Average injection was about 16.4 million gallons per well in 2018, up 2.8-fold since 2012, although some wells injected
more than 30 million gallons.177

177

Data from Fracfocus retrieved August 2018.
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Average water injection per well and per lateral foot from 2012 to 2018 is illustrated in Figure 122.
Water injection per foot has increased 1.7 times since 2012 to 1,652 gallons in 2018.

Figure 122. Average water injection per well and per horizontal lateral foot in the Utica Play,
2012 to 2018.
Average injection per well in 2018 was 16.4 million gallons and 1,652 gallons per foot. 178 Injection per well and per foot
has increased 3.6 and 1.7 times since 2012, respectively.

178

Data from Drillinginfo retrieved October 2018 and Fracfocus retrieved August 2018.
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Proppants, which are mainly sand and in some cases artificial and resin-coated materials, as well as
other additives, typically make up 12% on a mass basis of injected fluid. Figure 123 illustrates the
amount of proppant relative to the amount of water injected on average per lateral foot. Typically, one
gallon of injected fluid contains about one pound of proppant/additives, so in 2018 the average well
injected 1,652 gallons of water and 1,652 pounds of proppant/additives per lateral foot.179

Figure 123. Relationship between water and proppant injection per lateral foot from 2012 to
2018 in the Utica Play.180
Proppant typically averages about 12% on a mass basis of the injected fluid, hence one U.S. gallon of injected water
contains about one pound of proppant and other additives. In 2018, 1,652 pounds of proppant and additives were
injected per foot along with 1,652 gallons of water.

179
180

Fracfocus database and Drillinginfo.
Data from Drillinginfo retrieved October 2018 and Fracfocus retrieved August 2018.
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5.2.3 Well Productivity
Oil and gas production per lateral foot from 2012 to 2017 over the first 12 months of well life is
illustrated in Figure 124. As of mid-2017, average production over 12 months was about 380 thousand
cubic feet per foot. Productivity per foot has grown considerably over the period as drilling has focused
on sweet spots.

Figure 124. Gas production per lateral foot (individual wells) over the first 12-months of well life
in the Utica Play, 2012 to 2017.181
In mid-2017, the average well produced about 380 thousand cubic feet per foot over the first 12 months.

181

Data from Drillinginfo retrieved September 2018.
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Figure 125 illustrates oil and gas production per lateral foot over the first six months of well life
compared to injection of water and proppants from 2012 to 2018. Although injection volumes of
water/proppant have increased by 88% since 2012 to levels comparable with the Marcellus, oil and
gas production has increased by 325%. This reflects the early stage of development of the Utica Play,
as sweet spots are still being defined and as they are drilling moves into areas of much higher quality
reservoir rock. So, at this stage, geology is more important than technology in increasing well
productivity.182

Figure 125. Oil and gas production per lateral foot over the first six months of well life compared
to injection of water and proppants from 2012 to 2018 in the Utica Play.
Water and proppant injection have increased by 88% through 2017, whereas gas production has increased by 399%
and oil production has increased by 15%.183 This reflects the early stage of development of the Utica Play and the
location of drilling in sweet-spots as they have been defined over this period.

182
183

Data from Drillinginfo retrieved September 2018 and Fracfocus retrieved August 2018.
Data from Drillinginfo retrieved September 2018 and Fracfocus retrieved August 2018.
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Growth of water/proppant injection versus production over the first 6-, 12- and 24-months of well life
from 2012 to 2017 is illustrated in Figure 126. Productivity has increased much faster than the volume
of injected water and proppant, reflecting the early stage of the Utica Play and the relocation of drilling
to sweet spots as they are defined.

Figure 126. Change in average production and water/proppant injection per lateral foot over the
first 6-, 12- and 24-months of well life from 2012 to 2017 in the Utica Play.184
From 2012 to 2017, oil and gas has increased 3.7 times as fast as water and proppant injection, reflecting the
relocation of drilling to sweet-spots as they are defined.

184

Data from Drillinginfo retrieved September 2018 and Fracfocus retrieved August 2018.
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Gas production per lateral foot by county over the first six months of well life from 2013 to 2017 is
illustrated in Figure 127.185 Overall productivity has increased continuously over this period, with the
strongest growth occurring in counties outside of the top four. Productivity in Belmont County—the top
cumulative gas producer—peaked in 2015 and productivity in Monroe County—the second highest
cumulative producer—has been essentially flat since 2014. Productivity in the top two liquids producing
counties, Carroll and Harrison, has declined slightly since 2014 and 2015, respectively.

Figure 127. Gas production per lateral foot by county over the first six months of well life from
2013 to 2017 in the Utica Play.186
Average productivity has increased strongly over this period mainly in counties outside of the top four in terms of
cumulative production.

Data from Pennsylvania and West Virginia are less complete than most other states. Data on the production of produced formation water
from wells is non-existent, for example, and data on upper and lower perforations, from which horizontal lateral lengths are calculated, are not
available for all wells in 2016, 2017 and 2018. Data from Ohio is more complete although data on produced formation water is not available.
This report incorporates all available to the extent possible.
186 Data from Drillinginfo retrieved October 2018.
185
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The impact of better technology on productivity per lateral foot by county over the first 6-, 12- and 24months of well life from 2014 to 2017 is illustrated in Figure 128. As discussed above, the strongest
growth has occurred in counties outside of the top four, as exploration drilling locates new sweet spots.
Productivity gains in the top four counties have been relatively flat, particularly since 2015 and 2016.

Figure 128. Change in gas production per lateral foot by county over the first 6-, 12- and 24months of well life from 2014 to 2017 in the Utica Play.187
With the exception of counties outside of the top four, well productivity has flat-lined in the most recent years.

187

Data from Drillinginfo retrieved October 2018.
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5.2.4 Synopsis
Key takeaways are as follows:
-

The Utica is potentially very large; however, it is in an early stage of development and sweet
spots are still being identified. As with other plays, production has been concentrated in a few
counties, with the top four accounting for 74% of cumulative gas production, and the top two
accounting for 51%. Average well productivity per lateral foot has increased rapidly in the play
as a whole, although it has been relatively flat in the top four counties since 2014.

-

Individual wells decline quickly. The average well declines by 83% over the first three years of
well life, so continual drilling is necessary to maintain field production.

-

Overall field decline, including legacy wells producing at lower rates than new wells, is 43% per
year. Assuming every new well produces gas at the most recent 12-month average, 337 new
wells per year, or 91% of the estimated 369 wells drilled in 2018, are needed to offset field
decline. At an average cost of $6.4 million per well,188 an annual expenditure of $2.2 billion is
required each year to keep production flat at its current rate of 7.3 billion cubic feet per day.

-

Better technology has made a difference, although due to the early stage of the Utica Play,
exploration to find sweet-spots and move drilling effort into them has had the biggest impact in
terms of well productivity increases. Increasing the length of horizontal laterals by 105% and
increasing water/proppant injection per lateral foot by 74% since 2012 has allowed each 2018
well to access 2.6 times as much reservoir as in 2012. This means drilling locations calculated
in 2012 are being depleted 2.6 times as fast as the drilling rate indicates. This has meant large
cost-savings for operators but is unlikely to increase the ultimate recovery of the portions of the
play that have been exploited so far—it simply allows these portions to be drained with fewer
wells.

-

There may still be some room for further technology improvement, for although water and
proppant injection per foot declined slightly in 2018, average horizontal lateral length increased,
resulting in an slight overall increase in the amount of reservoir accessed per well (see
Figure 17).

-

The rate of drilling estimated for 2018 will allow Utica production to continue to grow.

Energy Information Administration, March 2016, Trends in U.S. Oil and Natural Gas Upstream Costs,
https://www.eia.gov/analysis/studies/drilling/pdf/upstream.pdf . Utica well costs are assumed to equal the Marcellus.
188
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5.3 HAYNESVILLE PLAY
The Haynesville Play of western Louisiana and eastern Texas produced 11% of U.S. shale gas in 2018
(see Figure 2). Production initially peaked in late 2011 but has risen recently to near that peak with an
increased drilling rate. As of late-2018, more than 4,480 wells had been drilled.189 The highest
productivity wells are concentrated in western Louisiana as shown in Figure 129.

Figure 129. Well distribution by highest month gas production in the Haynesville Play of western
Louisiana and eastern Texas.190
The locations of top counties discussed in this section are also shown.

Drillinginfo retrieved February 2019.
Data from Drillinginfo retrieved September 2017. Energy Information Administration play outline from March, 2016 shapefile. Map
produced by John Van Hoesen.
189
190
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Although the Haynesville Play covers parts or all of 15 counties, production is concentrated in four
counties, as illustrated in Figure 130. Of the 15.8 trillion cubic feet of cumulative production as of late2018, 55% has come from two Louisiana counties, De Soto and Red River, and 72% from the top four
counties. Production from the Haynesville is almost exclusively gas, with less than three million barrels
of cumulative liquids production.

Figure 130. Cumulative oil and gas production by county in the Haynesville Play through mid2018.191

191

Data from Drillinginfo retrieved September 2018.
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5.3.1 Drilling
The annual drilling rate over the 2009 to 2018 period is illustrated in Figure 131. Although the actual
drilling rate peaked in 2011, the increase in horizontal lateral lengths coupled with a major increase in
water and proppant injection, means that a 2018 well is equivalent to 2.12 2012 wells in terms the
amount of reservoir accessed (see Figure 17 and above discussion). Therefore the 306 wells drilled in
2018 are equivalent to 647 wells drilled in 2012. Although this represents a significant cost saving for
operators and reduces the surface impact, it also means that drilling locations thought to be available
in 2012 are being consumed more than twice as fast as the drilling rate would indicate. Enhanced
technology as practiced in 2018 will certainly allow the resource to be extracted with fewer wells, but
will not necessarily increase the ultimate recoverable resource.

Figure 131. Wells completed per year in the Haynesville Play from 2009 to 2018.192
The expanded reach of post-2012 wells due to longer horizontal laterals and increased volumes of water and proppant
injection is shown in terms of ‘2012-equivalent wells’ that would have been needed without it (see Figure 17).

192

Data from Drillinginfo retrieved December 2018.
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5.3.2 Technology Development
The length of horizontal laterals drilled in the Haynesville from 2008 to 2018 is illustrated in Figure
132. Lateral length is controlled by the configuration of land leases, geology, and technology. Although a
few laterals have reached more than 10,000 feet, the vast majority range between 4,500 and 9,000
feet with a 2017 average of 6,644 feet.

Figure 132. Horizontal lateral length (individual wells) in the Haynesville Play, 2008 to 2018.193
Although 6,644 feet was the average in 2017, a few wells have exceeded 10,000 feet.

193

Data from Drillinginfo retrieved September 2018.
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Figure 133 illustrates the average horizontal lateral length by county from 2008 to 2018. As of 2018,
lateral length had increased by 37% compared to 2012.

Figure 133. Average horizontal lateral length by county in the Haynesville Play from 2008 to
2018.194

194

Data from Drillinginfo retrieved September 2018.
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Water injection per well has increased 2.6 times since 2012 and in 2018 averaged 17.4 million gallons
per well (Figure 134). Some wells, however, have injected nearly 50 million gallons. This has made wells
considerably more productive and able to drain much more reservoir, as outlined below.

Figure 134. Water injection per well (individual wells) in the Haynesville Play from 2011 to
2018.195
Average injection was about 17.4 million gallons per well in 2018, up 2.6-fold since 2012, although some wells injected
nearly 50 million gallons.

195

Data from Fracfocus retrieved August 2018.
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Average water injection per well and per lateral foot from 2012 to 2018 is illustrated in Figure 135.
Water injection per foot has increased 1.93 times since 2012 to 2,720 gallons in 2018.

Figure 135. Average water injection per well and per horizontal lateral foot in the Haynesville
Play, 2012 to 2018.196
Average injection per well in 2018 was 17.4 million gallons and 2,720 gallons per foot. Injection per well and per foot
has increased 2.6 and 1.9 times since 2012, respectively.

196

Data from Drillinginfo retrieved September 2018 and Fracfocus retrieved August 2018.
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Proppants, which are mainly sand and in some cases artificial and resin-coated materials, as well as
other additives, typically make up 12% on a mass basis of injected fluid. Figure 136 illustrates the
amount of proppant relative to the amount of water injected on average per lateral foot. Typically, one
gallon of injected fluid contains about one pound of proppant/additives, so in 2018 the average well
injected 2,720 gallons of water and 2,720 pounds of proppant/additives per lateral foot.197

Figure 136. Relationship between water and proppant injection per lateral foot from 2012 to
2018 in the Haynesville Play.198
Proppant typically averages about 12% on a mass basis of the injected fluid, hence one U.S. gallon of injected water
contains about one pound of proppant and other additives. In 2018, 2,720 pounds of proppant and additives were
injected per foot along with 2,720 gallons of water.

197
198

Fracfocus database and Drillinginfo.
Data from Drillinginfo retrieved September 2018 and Fracfocus retrieved August 2018.
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5.3.3 Well Productivity
Oil and gas production per lateral foot from 2008 to 2017 over the first 12 months of well life is
illustrated in Figure 137. As of mid-2017, average production over 12 months was about 700 thousand
cubic feet per foot. Productivity per foot has increased markedly since 2014 due to sharply higher
injection volumes.

Figure 137. Gas production per lateral foot (individual wells) over the first 12-months of well life
in the Haynesville Play, 2008 to 2017.199
In mid-2017, the average well produced about 700 thousand cubic feet per foot over the first 12 months.

199

Data from Drillinginfo retrieved September 2018.
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Figure 138 illustrates oil and gas production per lateral foot over the first six months of well life
compared to injection of water and proppants from 2012 to 2018. Injection volumes of water and
proppant have increased by 93% as of 2017 compared to 2012 and are now at the highest levels of
any shale play. Well productivity has increased in parallel and is up 54% from 2012 to 2017.200

Figure 138. Oil and gas production per lateral foot over the first six months of well life compared
to injection of water and proppants from 2012 to 2018 in the Haynesville Play.
Water and proppant injection have increased by 93% through 2017, whereas gas production has increased by 54%. Oil
production is negligible in the Haynesville Play.201

200
201

Data from Drillinginfo retrieved September 2018 and Fracfocus retrieved August 2018.
Data from Drillinginfo retrieved September 2018 and Fracfocus retrieved August 2018.
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Growth of water/proppant injection versus production over the first 6-, 12- and 24-months of well life
from 2010 to 2017 is illustrated in Figure 139. Although productivity was flat to slightly down in the
early part of this period, it has increased in parallel with increased injection volumes of water and
proppant after 2014.

Figure 139. Change in average production and water/proppant injection per lateral foot over the
first 6-, 12- and 24-months of well life from 2010 to 2017 in the Haynesville Play.202
From 2010 to 2017, water and proppant injection has increased 2.3 times as fast as well productivity.

202

Data from Drillinginfo retrieved September 2018 and Fracfocus retrieved August 2018.
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Gas production per lateral foot by county over the first six months of well life from 2010 to 2017 is
illustrated in Figure 140. Productivity has increased in all counties since 2015. However, Red River
County—the second highest county in terms of cumulative production (see Figure 130)—declined 7%
between 2016 and 2017.

Figure 140. Gas production per lateral foot by county over the first six months of well life from
2010 to 2017 in the Haynesville Play.203
Average productivity has increased strongly in all counties since 2015 in parallel with much larger injection volumes of
water and proppant.

203

Data from Drillinginfo retrieved September 2018.
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The impact of better technology on productivity per lateral foot by county over the first 6-, 12- and 24months of well life from 2012 to 2017 is illustrated in Figure 141. All counties, with the exception of
Red River, were growing as of 2017.

Figure 141. Change in gas production per lateral foot by county over the first 6-, 12- and 24months of well life from 2012 to 2017 in the Haynesville Play.204
All counties, with the exception of Red River, were growing as of 2017.

204

Data from Drillinginfo retrieved September 2018.
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Produced formation water is only about 13% of total production and hence is not a serious issue in the
Haynesville Play, as illustrated in Figure 142.

Figure 142. Water, gas, and oil production per lateral foot from the Haynesville Play over the
first six months of well life, 2008 to 2017.205
Gas is expressed as barrels of oil equivalent. Figure indicates produced water (mostly formation water but may include
some injected water over the first few weeks). Virtually no oil was produced from the Haynesville in this period.

205

Data from Drillinginfo retrieved September 2018.
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5.3.4 Synopsis
Key takeaways are as follows:
-

The Haynesville is a mature play that has benefited from increased injection volumes and has
not yet exhibited signs of well-overcrowding. As with other plays, production has been
concentrated in a few counties, with the top four accounting for 72% of cumulative gas
production, and the top two accounting for 55%. Average well productivity per lateral foot has
increased in the play as a whole since 2014.

-

Individual wells decline quickly. The average well declines by 89% over the first three years of
well life, so continual drilling is necessary to maintain field production.

-

Overall field decline, including legacy wells producing at lower rates than new wells, is 29% per
year. Assuming every new well produces gas at the most recent 12-month average, 197 new
wells per year, or 64% of the estimated 306 wells drilled in 2018, are needed to offset field
decline. At an average cost of $6.4 million per well,206 an annual expenditure of $1.3 billion is
required each year to keep production flat at its current rate of 7.3 billion cubic feet per day.

-

Better technology has made a difference in the Haynesville Play. Increasing the length of
horizontal laterals by 37% and increasing water/proppant injection per lateral foot by 93%
since 2012 has allowed each 2018 well to access 2.1 times as much reservoir as in 2012.
This means drilling locations calculated in 2012 are being depleted 2.1 times as fast as the
drilling rate indicates. This has meant large cost-savings for operators but is unlikely to increase
the ultimate recovery of the play—it simply allows the play to be drained with fewer wells.

-

Gains in productivity due to technology improvement have flat-lined in 2018, for although water
and proppant injection per foot increased slightly, average horizontal lateral length declined
(see Figure 17).

-

The rate of drilling estimated for 2018 should allow Haynesville production to continue to grow
significantly.

Energy Information Administration, March 2016, Trends in U.S. Oil and Natural Gas Upstream Costs,
https://www.eia.gov/analysis/studies/drilling/pdf/upstream.pdf . Haynesville well costs are assumed to equal the Marcellus at $6.4 million
each, although they may be somewhat higher given the very high injection volumes being used.
206
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5.4 WOODFORD PLAY
The Woodford Play of Oklahoma produced 5% of U.S. shale gas in 2018 (see Figure 2). As of late-2018,
more than 5,500 wells had been drilled.207 The distribution of wells by initial productivity is shown in
Figure 143.

Figure 143. Well distribution by highest month gas production in the Woodford Play of
Oklahoma.208
The locations of top counties discussed in this section are also shown.

Drillinginfo retrieved February 2019.
Data from Drillinginfo retrieved September 2017. Energy Information Administration play outline from March, 2016 shapefile. Map
produced by John Van Hoesen.
207
208
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Although the Woodford Play covers parts or all of 35 counties, production is concentrated in five
counties, as illustrated in Figure 144. Of the seven trillion cubic feet of cumulative production as of late2018, 38% has come from two counties, Pittsburg and Canadian, and 71% from the top five counties.
Although production from the Woodford is mainly gas, it has also produced 1.1 billion barrels of liquids,
which amount to 12% of total cumulative production on a barrels of oil equivalent basis.

Figure 144. Cumulative oil and gas production by county in the Woodford Play through mid2018.209

209

Data from Drillinginfo retrieved September 2018.
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5.4.1 Drilling
The annual drilling rate over the 2009 to 2018 period is illustrated in Figure 145. Although the actual
drilling rate peaked in 2013, the increase in horizontal lateral lengths coupled with a major increase in
water and proppant injection, means that a 2018 well is equivalent to 1.96 2012 wells in terms the
amount of reservoir accessed (see Figure 17 and above discussion). Therefore the 459 wells drilled in
2018 are equivalent to 902 wells drilled in 2012. Although this represents a significant cost saving for
operators and reduces the surface impact, it also means that drilling locations thought to be available
in 2012 are being consumed more than twice as fast as the drilling rate would indicate. Enhanced
technology as practiced in 2018 will certainly allow the resource to be extracted with fewer wells, but
will not necessarily increase the ultimate recoverable resource.

Figure 145. Wells completed per year in the Woodford Play from 2009 to 2018.
The expanded reach of post-2012 wells due to longer horizontal laterals and increased volumes of water and proppant
injection is shown in terms of ‘2012-equivalent wells’ that would have been needed without it (see Figure 17).210

210

Data from Drillinginfo retrieved December 2018.
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5.4.2 Technology Development
The length of horizontal laterals drilled in the Woodford from 2006 to 2018 is illustrated in Figure 146.
Lateral length is controlled by the configuration of land leases, geology, and technology. Although a few
laterals have reached more than 12,000 feet, the vast majority range between 4,000 and 10,000 feet
with a 2018 average of 7,301 feet.

Figure 146. Horizontal lateral length (individual wells) in the Woodford Play from 2006 to
2018.211
Although 7,301 feet was the average in 2018, a few wells have exceeded 12,000 feet.

211

Data from Drillinginfo retrieved September 2018.
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Figure 147 illustrates the average horizontal lateral length by county from 2007 to 2018. As of 2018,
lateral length had increased by 60% compared to 2012.

Figure 147. Average horizontal lateral length by county in the Woodford Play from 2007 to
2018.212

212

Data from Drillinginfo retrieved September 2018.
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Water injection per well has increased 2.3 times since 2012 and in 2018 averaged 12.2 million
gallons per well (Figure 148). Some wells, however, have injected more than 35 million gallons. This has
made wells considerably more productive and able to drain much more reservoir, as outlined below.

Figure 148. Water injection per well (individual wells) in the Woodford Play, 2011 to 2018.
Average injection was about 12.2 million gallons per well in 2018, up 2.3-fold since 2012, although some wells injected
more than 35 million gallons.213

213

Data from Fracfocus retrieved August 2018.
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Average water injection per well and per lateral foot from 2012 to 2018 is illustrated in Figure 149.
Water injection per foot has increased 1.46 times since 2012 to 1,670 gallons in 2018.

Figure 149. Average water injection per well and per horizontal lateral foot in the Woodford
Play, 2012 to 2018.
Average injection per well in 2018 was 12.2 million gallons and 1,670 gallons per foot. 214 Injection per well and per foot
has increased 2.3 and 1.5 times since 2012, respectively.

214

Data from Drillinginfo retrieved September 2018 and Fracfocus retrieved August 2018.
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Proppants, which are mainly sand and in some cases artificial and resin-coated materials, as well as
other additives, typically make up 12% on a mass basis of injected fluid. Figure 150 illustrates the
amount of proppant relative to the amount of water injected on average per lateral foot. Typically, one
gallon of injected fluid contains about one pound of proppant/additives, so in 2018 the average well
injected 1,670 gallons of water and 1,670 pounds of proppant/additives per lateral foot.215

Figure 150. Relationship between water and proppant injection per lateral foot from 2012 to
2018 in the Woodford Play.216
Proppant typically averages about 12% on a mass basis of the injected fluid, hence one U.S. gallon of injected water
contains about one pound of proppant and other additives. In 2018, 1,670 pounds of proppant and additives were
injected per foot along with 1,670 gallons of water.

215
216

Fracfocus database and Drillinginfo.
Data from Drillinginfo retrieved September 2018 and Fracfocus retrieved August 2018.
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5.4.3 Well Productivity
Oil and gas production per lateral foot from 2006 to 2017 over the first 12 months of well life is
illustrated in Figure 151. As of mid-2017, average production over 12 months was about 30 barrels of
oil equivalent per foot. Productivity per foot has increased since 2014 due to higher injection volumes.

Figure 151. Oil and gas production per lateral foot (individual wells) over the first 12-months of
well life in the Woodford Play, 2006 to 2017.217
In mid-2017, the average well produced about 30 barrels of oil equivalent per foot over the first 12 months of well life.

217

Data from Drillinginfo retrieved September 2018.
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Figure 152 illustrates oil and gas production per lateral foot over the first six months of well life
compared to injection of water and proppants from 2010 to 2018. Productivity for gas decreased by
60% from 2010 through 2014 whereas oil productivity increased substantially—primarily due to a
change in drilling focus from gas-rich counties such as Pittsburg, Coal, and Hughes to counties that
produced more oil such as Canadian and Grady. Injection volumes of water and proppant increased by
60% beginning in 2014, and served to restore gas productivity somewhat, although it still remained
28% below 2010 levels in 2017. After a sharp rise through 2015, oil productivity has also fallen, such
that overall productivity on a barrels of oil equivalent basis is down slightly from 2015 levels.218

Figure 152. Oil and gas production per lateral foot over the first six months of well life compared
to injection of water and proppants from 2010 to 2018 in the Woodford Play.
Gas and total productivity on a barrels of oil equivalent basis are down 28% and 8%, respectively, in 2017 compared to
2010, even though water and proppant injection are up 60%.219

218
219

Data from Drillinginfo retrieved September 2018 and Fracfocus retrieved August 2018.
Data from Drillinginfo retrieved September 2018 and Fracfocus retrieved August 2018.
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Growth of water and proppant injection versus production over the first 6-, 12- and 24-months of well
life from 2010 to 2017 is illustrated in Figure 153. As noted above, increased volumes of water and
proppant injection have restored overall oil and gas productivity to near 2010 levels, but have not
increased them beyond this point.

Figure 153. Change in average production and water/proppant injection per lateral foot over the
first 6-, 12- and 24-months of well life from 2010 to 2017 in the Woodford Play.220
After a sharp decline in oil and gas productivity from 2010 through 2014, a 60% increase in water and proppant
injection has increased productivity to near 2010 levels.

220

Data from Drillinginfo retrieved September 2018 and Fracfocus retrieved August 2018.

How Long Will the Shale Revolution Last?

168

Overall production by county on a barrels of oil equivalent per lateral foot basis over the first six months
of well life from 2010 to 2017 is illustrated in Figure 154. Productivity has increased in most counties
from a low point in 2014. Since 2015, however, productivity in Pittsburg and Canadian counties, the
two highest cumulative producers, have fallen 13% and 46%, respectively, and the overall play average
has fallen 4%.

Figure 154. Oil and gas production by county on a barrels of oil equivalent per lateral foot basis
over the first six months of well life from 2010 to 2017 in the Woodford Play.221
Average productivity has declined by 4% since 2015 despite much higher injection volumes of water and proppant.

221

Data from Drillinginfo retrieved September 2018.
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The impact of better technology on productivity per lateral foot by county over the first 6-, 12- and 24months of well life from 2012 to 2017 is illustrated in Figure 155. Changes in productivity over longer
periods track six month productivity closely.

Figure 155. Change in oil and gas production by county on a barrels of oil equivalent per lateral
foot basis over the first 6-, 12- and 24-months of well life from 2012 to 2017 in the Woodford
Play.222

Unfortunately, Oklahoma doesn’t make produced formation water data available on a per well basis so
analysis of it could not be included herein. Produced formation water is a serious issue in Oklahoma,
however, given earthquakes caused by disposal wells for produced formation water and the State’s
efforts to contain them.223

Data from Drillinginfo retrieved September 2018.
Business Insider, February 2, 2018, Parts of Oklahoma now have the same earthquake risk as California — and a new study found a scarily
direct link to fracking, https://www.businessinsider.com/earthquakes-fracking-oklahoma-research-2018-2 .
222
223
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5.4.4 Synopsis
Key takeaways are as follows:
-

The Woodford is a mature play producing mostly gas but also substantial amounts of oil, which
has made up 12% of cumulative production. Refocusing on oil-rich portions of the play has
resulted in a major decline of overall productivity through 2014, although increased volumes of
injected water and proppants since then have raised productivity to 8% below 2010 levels as of
2017. As with other plays, production has been concentrated in a few counties, with the top five
accounting for 71% of cumulative gas production, and the top two accounting for 38%.

-

Individual wells decline quickly. The average well declines by 78% over the first three years of
well life, so continual drilling is necessary to maintain field production.

-

Overall field decline, including legacy wells producing at lower rates than new wells, is 29% per
year. Assuming every new well produces gas at the most recent 12-month average, 295 new
wells per year, or 64% of the estimated 459 wells drilled in 2018, are needed to offset field
decline. At an average cost of $6.4 million per well,224 an annual expenditure of $1.9 billion is
required each year to keep production flat at its current rate of 3.0 billion cubic feet per day.

-

Better technology has made a difference in the Woodford Play. Increasing the length of
horizontal laterals by 60% and increasing water and proppant injection per lateral foot by 46%
since 2012 has allowed each 2018 well to access 1.96 times as much reservoir as in 2012.
This means drilling locations calculated in 2012 are being depleted 1.96 times as fast as the
drilling rate indicates. This has meant large cost-savings for operators but is unlikely to increase
the ultimate recovery of the play—it simply allows the play to be drained with fewer wells.

-

Gains in productivity due to technology improvement have flat-lined in 2018, for although
average horizontal lateral increased slightly, the injection volume of water and proppant
injection per foot declined (see Figure 17).

-

The rate of drilling estimated for 2018 should allow Woodford production to continue to grow
significantly.

Energy Information Administration, March 2016, Trends in U.S. Oil and Natural Gas Upstream Costs,
https://www.eia.gov/analysis/studies/drilling/pdf/upstream.pdf . Woodford well costs are assumed to equal the Marcellus at $6.4 million
each.
224
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5.5 BARNETT PLAY
The Barnett Play of east Texas produced 4% of U.S. shale gas in 2018 (see Figure 2). Fracking in its
modern form was developed in the Barnett in the 1990s through the efforts of George Mitchell, who
perfected the modern combination of horizontal drilling and high-volume fluid injection in low
permeability reservoirs.225 As of late-2018, more than 20,300 wells had been drilled there.226 The
distribution of wells by initial productivity is shown in Figure 156.

Figure 156. Well distribution by highest month gas production in the Barnett Play of eastern
Texas.227
The locations of top counties discussed in this section are also shown.

New York Times, December 21 2013, George Mitchell - Father of Fracking, https://www.nytimes.com/news/the-lives-theylived/2013/12/21/george-mitchell/
226 Drillinginfo retrieved February 2019.
227 Data from Drillinginfo retrieved October 2017. Energy Information Administration play outline from March, 2016 shapefile. Map produced
by John Van Hoesen.
225
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Although the Barnett Play covers parts or all of 24 counties, production is concentrated in four counties,
as illustrated in Figure 157. Of the 21.6 trillion cubic feet of cumulative production as of late-2018, 56%
has come from two counties, Tarrant and Johnson, and 85% from the top four counties. Although
production from the Barnett is mainly gas, it has also produced 73 million barrels of liquids, which
amount to 2% of total cumulative production on a barrels of oil equivalent basis.

Figure 157. Cumulative oil and gas production by county in the Barnett Play through mid2018.228

228

Data from Drillinginfo retrieved September 2018.
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5.5.1 Drilling
The annual drilling rate over the 2009 to 2018 period is illustrated in Figure 158. The Barnett is a late
stage play at close to terminal production decline. Production from the play peaked in late 2011 and
has since fallen by 51%. Sweet spots have been saturated with wells and drilling has fallen to low
levels. The drilling rate peaked at 1,885 wells per year in 2010 and fell to 51 wells per year in 2017 (it
is estimated that 101 wells will be drilled in 2018).229 The application of better technology, mainly
through longer horizontal laterals, mean that a 2018 well accesses about 25% more reservoir than a
2012 well (see Figure 17 and above discussion). Therefore the 101 wells estimated to have been
drilled in 2018 are equivalent to 126 wells drilled in 2012. Future drilling in the Barnett will be limited
given that high quality locations have largely been exhausted.

Figure 158. Wells completed per year in the Barnett Play from 2009 to 2018.230
The expanded reach of post-2012 wells due to longer horizontal laterals and increased volumes of water and proppant
injection is shown in terms of ‘2012-equivalent wells’ that would have been needed without it (see Figure 17).

229
230

Data from Drillinginfo retrieved December 2018.
Data from Drillinginfo retrieved December 2018.
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5.5.2 Technology Development
The length of horizontal laterals drilled in the Barnett from 2010 to 2018 is illustrated in Figure 159.
Lateral length is controlled by the configuration of land leases, geology, and technology. Although a few
laterals have reached more than 15,000 feet, the vast majority range between 4,000 and 10,000 feet
with a 2018 average of 5,548 feet.

Figure 159. Horizontal lateral length (individual wells) in the Barnett Play from 2010 to 2018.231
Although 5,548 feet was the average in 2018, a few wells have exceeded 15,000 feet.

231

Data from Drillinginfo retrieved October 2018.
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Figure 160 illustrates the average horizontal lateral length by county from 2010 to 2018. As of 2018,
lateral length had increased by 43% compared to 2012.

Figure 160. Average horizontal lateral length by county in the Barnett Play, 2010 to 2018.232

232

Data from Drillinginfo retrieved October 2018.
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Water injection per well has fluctuated but has increased only 11% on average since 2012, and in 2018
averaged 4.8 million gallons per well (Figure 161). Some wells, however, have injected more than 14
million gallons. Well productivity has not changed appreciably between 2012 and 2018.

Figure 161. Water injection per well (individual wells) in the Barnett Play, 2011 to 2018.
Average injection was about 4.8 million gallons per well in 2018, up 11% since 2012, although some wells have injected
more than 14 million gallons.233

233

Data from Fracfocus retrieved August 2018.
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Average water injection per well and per lateral foot from 2012 to 2018 is illustrated in Figure 162.
Although water injection per well has increased by 11% since 2012, water injection per foot has
declined 22% to 861 gallons in 2018.

Figure 162. Average water injection per well and per horizontal lateral foot in the Barnett Play,
2012 to 2018.
Average injection per well in 2018 was 4.8 million gallons and 861 gallons per foot.234 Injection per well has increased
11% and per foot has declined 22% since 2012.

234

Data from Drillinginfo retrieved October 2018 and Fracfocus retrieved August 2018.
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Proppants, which are mainly sand and in some cases artificial and resin-coated materials, as well as
other additives, typically make up 12% on a mass basis of injected fluid. Figure 163 illustrates the
amount of proppant relative to the amount of water injected on average per lateral foot. Typically, one
gallon of injected fluid contains about one pound of proppant/additives, so in 2018 the average well
injected 861 gallons of water and 861 pounds of proppant/additives per lateral foot.235

Figure 163. Relationship between water and proppant injection per lateral foot from 2012 to
2018 in the Barnett Play.
Proppant typically averages about 12% on a mass basis of the injected fluid, hence one U.S. gallon of injected water
contains about one pound of proppant and other additives. 236 In 2018, 861 pounds of proppant and additives were
injected per foot along with 861 gallons of water.

235
236

Fracfocus database and Drillinginfo.
Data from Drillinginfo retrieved October 2018 and Fracfocus retrieved August 2018.
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5.5.3 Well Productivity
Oil and gas production per lateral foot from 2010 to 2017 over the first 12 months of well life is
illustrated in Figure 164. As of mid-2017, average production over 12 months was about 20 barrels of
oil equivalent per foot. Productivity per foot has increased somewhat since 2014 due to higher injection
volumes, although productivity is down from about 25 barrels per foot in 2010.

Figure 164. Oil and gas production per lateral foot (individual wells) over the first 12-months of
well life in the Barnett Play, 2010 to 2017.237
In mid-2017, the average well produced about 20 barrels of oil equivalent per foot over the first 12 months of well life.

237

Data from Drillinginfo retrieved October 2018.
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Figure 165 illustrates oil and gas production per lateral foot over the first six months of well life
compared to injection of water and proppants from 2010 to 2018. Productivity for gas has decreased
14% over the period whereas oil productivity decreased 51%, for a combined decrease on a barrels
of oil equivalent basis of 15%.238

Figure 165. Oil and gas production per lateral foot over the first six months of well life compared
to injection of water and proppants from 2010 to 2018 in the Barnett Play.
Gas, oil and total productivity are down 14%, 51% and 15%, respectively, compared to 2010.239

238
239

Data from Drillinginfo retrieved October 2018 and Fracfocus retrieved August 2018.
Data from Drillinginfo retrieved October 2018 and Fracfocus retrieved August 2018.
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Change in water and proppant injection versus production over the first 6-, 12- and 24-months of well
life from 2010 to 2017 are illustrated in Figure 166. Productivity declined in the first part of this period,
along with the decline in water and proppant injection, but has increased since 2014. In 2017,
production of oil and gas after six months of well life was still 15% below 2010 levels.240

Figure 166. Change in average production and water/proppant injection per lateral foot over the
first 6-, 12- and 24-months of well life from 2010 to 2017 in the Barnett Play.241

240
241

Note that 2015 and later years are based on far fewer wells given the collapse in drilling rate beginning in 2011.
Data from Drillinginfo retrieved October 2018 and Fracfocus retrieved August 2018.
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Production by county on a barrels of oil equivalent per lateral foot basis over the first 12 months of well
life from 2010 to 2016 is illustrated in Figure 167. Productivity has declined significantly in the top four
counties since 2010, and counties outside of the top four have been essentially flat. The average
Barnett productivity was down 20% from 2010 levels as of 2016 and Tarrant, the top county, was
down 30%. This is a result of well overcrowding and/or drilling in lower quality portions of these
counties. Coupled with the 95% decline in drilling rate from its peak in 2010, this points to the fact that
high quality drilling locations are largely exhausted, and although some infill and peripheral drilling will
occur in the future, production from this play will continue to decline.

Figure 167. Oil and gas production by county on a barrels of oil equivalent per lateral foot basis
over the first six months of well life from 2010 to 2016 in the Barnett Play.242
Average productivity has declined by 4% since 2015 despite much higher injection volumes of water and proppant.

242

Data from Drillinginfo retrieved September 2018.

How Long Will the Shale Revolution Last?

183

The change in productivity per lateral foot by county over the first 6-, 12- and 24-months of well life from
2010 to 2017 is illustrated in Figure 168. With the exception of the first six months of production in
Denton County, productivity in all counties was below 2010 levels as of 2017 in all time ranges.

Figure 168. Change in oil and gas production by county on a barrels of oil equivalent per lateral
foot basis over the first 6-, 12- and 24-months of well life from 2010 to 2017 in the Barnett
Play.243

243

Data from Drillinginfo retrieved October 2018.
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Produced formation water has decreased from 55% of total production in 2010 to 45% of production in
2016 as shown in Figure 169, which illustrates production per lateral foot over the first 12 months of
well life. Gas increased from is 44% to 55% over this period whereas oil has decreased from 1% to less
than 0.5%. Coupled with the greatly reduced drilling rate, disposal of produced formation water is much
less of an issue than it was in the early days of this play.

Figure 169. Water, gas, and oil production per lateral foot from the Barnett Play over the first
twelve months of well life, 2010 to 2016.244
Gas is expressed as barrels of oil equivalent. Figure indicates produced water (mostly formation water but may include
some injected water over the first few weeks).

244

Data from Drillinginfo retrieved September 2018.
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5.5.4 Synopsis
Key takeaways are as follows:
-

The Barnett is a late stage play with declining production. As with other plays, production has
been concentrated in a few counties, with the top four accounting for 85% of cumulative gas
production, and the top two accounting for 56%. The drilling rate has collapsed from nearly
1900 wells per year in 2010 to 101 wells in 2018. As of 2016, average well productivity over
the first 12 months of well life had declined 20% from 2010 levels, indicating well
overcrowding and/or drilling lower quality portions of the play. Some new infill or peripheral
wells will be drilled but likely not at a high enough rate to reverse the play’s production decline.

-

Individual wells decline quickly. The average well declines by 73% over the first three years of
well life, so continual drilling is necessary to maintain field production.

-

Overall field decline is low compared to other shale plays at 10% per year. This due to the fact
that most production now comes from thousands of legacy wells that are several years old and
are in the terminal low-decline portion of their hyperbolic production decline curves. Assuming
every new well produces gas at the most recent 12-month average, 142 new wells per year, or
41% more wells than the estimated 101 wells drilled in 2018, are needed to offset field
decline. At an average cost of $5.0 million per well,245 an annual expenditure of $0.7 billion is
required each year to keep production flat at its current rate of 2.6 billion cubic feet per day.

-

Better technology has made a marginal difference in the Barnett Play. Horizontal lateral length
has increased by 43% since 2012, although water and proppant injection per lateral foot has
decreased by 22%, which has allowed each 2018 well to access 1.25 times as much reservoir
as in 2012. This means drilling locations calculated in 2012 are being depleted 1.25 times as
fast as the drilling rate indicates. Although this has meant some cost-savings for operators, the
declining productivity of wells due to poorer quality reservoir rock and/or overcrowding of wells
suggest this play is in its final phase.

-

Gains in productivity due to technology improvement have declined in 2018, for although
average horizontal lateral increased slightly, the injection volume of water and proppant
injection per foot declined (see Figure 17).

-

The rate of drilling estimated for 2018 will see Barnett production continue to decline.

Energy Information Administration, March 2016, Trends in U.S. Oil and Natural Gas Upstream Costs,
https://www.eia.gov/analysis/studies/drilling/pdf/upstream.pdf . Barnett well costs, at $5 million each, are assumed to be lower than other
shale gas plays like the Marcellus due to lower injection volumes and shorter horizontal laterals.
245
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5.6 FAYETTEVILLE PLAY
The Fayetteville Play of Arkansas produced 2% of U.S. shale gas in 2018 (see Figure 2). The play
peaked in late-2012 and is now producing at 53% below peak. As of late-2018, more than 5,900 wells
had been drilled.246 The distribution of wells by initial productivity is shown in Figure 170.

Figure 170. Well distribution by highest month gas production in the Fayetteville Play of
Arkansas.247
The locations of top counties discussed in this section are also shown.

Drillinginfo retrieved February 2019.
Data from Drillinginfo retrieved October 2017. Energy Information Administration play outline from March, 2016 shapefile. Map produced
by John Van Hoesen.
246
247
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Although the Fayetteville Play covers parts or all of 10 counties, production is concentrated in four
counties as illustrated in Figure 171. Of the 8.3 trillion cubic feet of cumulative production as of late2018, 52% has come from two counties, Van Buren and Conway, and 91% from the top four counties.
Production from the Fayetteville is 100% gas with no associated liquids.

Figure 171. Cumulative oil and gas production by county in the Fayetteville Play through mid2018.248

248

Data from Drillinginfo retrieved November 2018.
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5.6.1 Drilling
The annual drilling rate over the 2009 to 2018 period is illustrated in Figure 172. The Fayetteville is a
late stage play at close to terminal production decline. Production from the play peaked in late 2012
and has since fallen by 53%. Sweet spots have been saturated with wells and drilling has fallen to very
low levels. The drilling rate peaked at 875 wells per year in 2010 and fell to 12 wells per year in 2017
(it is estimated that 3 wells will be drilled in 2018).249 The application of better technology, mainly
through longer horizontal laterals, mean that a 2018 well accesses about 36% more reservoir than a
2012 well (see Figure 17 and above discussion). Future drilling in the Fayetteville will be limited given
that high quality locations have largely been exhausted.

Figure 172. Wells completed per year in the Fayetteville Play from 2009 to 2018.
The expanded reach of post-2012 wells due to longer horizontal laterals and increased volumes of water and proppant
injection is shown in terms of ‘2012-equivalent wells’ that would have been needed without it (see Figure 17).250

249
250

Data from Drillinginfo retrieved December 2018.
Data from Drillinginfo retrieved December 2018.
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5.6.2 Technology Development
The length of horizontal laterals drilled in the Fayetteville from 2006 to 2018 is illustrated in Figure
173. Lateral length is controlled by the configuration of land leases, geology, and technology. Although a
few laterals have reached more than 9,000 feet, the vast majority range between 3,500 and 7,500 feet
with a 2018 average of 6,793 feet.

Figure 173. Horizontal lateral length (individual wells) in the Fayetteville Play from 2006 to
2018.251
Although 6,793 feet was the average in 2018, a few wells have exceeded 9,000 feet.

251

Data from Drillinginfo retrieved November 2018.
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Figure 174 illustrates the average horizontal lateral length from 2008 to 2018. As of 2018, lateral
length had increased by 110% compared to 2008.

Figure 174. Average horizontal lateral length in the Fayetteville Play, 2008 to 2018.252

252

Data from Drillinginfo retrieved November 2018.

How Long Will the Shale Revolution Last?

191

Water injection per well has increased 34% on average since 2012, and in 2017 averaged 6.6 million
gallons per well (Figure 175). Some wells, however, have injected more than 10 million gallons. Well
productivity has declined 7% between 2012 and 2017.

Figure 175. Water injection per well (individual wells) in the Fayetteville Play, 2012 to 2017.253
Average injection was about 6.6 million gallons per well in 2017, up 34% since 2012, although some wells have injected
more than 10 million gallons.

253

Data from Fracfocus retrieved August 2018.
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Average water injection per well and per lateral foot from 2012 to 2017 is illustrated in Figure 176.
Although water injection per well has increased by 34% since 2012, water injection per foot has
declined 4% to 1,040 gallons in 2018.

Figure 176. Average water injection per well and per horizontal lateral foot in the Fayetteville
Play, 2012 to 2017.254
Average injection per well in 2017 was 6.6 million gallons and 1,040 gallons per foot. Injection per well has increased
34% and per foot has declined 4% since 2012.

254

Data from Drillinginfo retrieved November 2018 and Fracfocus retrieved August 2018.
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Proppants, which are mainly sand and in some cases artificial and resin-coated materials, as well as
other additives, typically make up 12% on a mass basis of injected fluid. Figure 177 illustrates the
amount of proppant relative to the amount of water injected on average per lateral foot. Typically, one
gallon of injected fluid contains about one pound of proppant/additives, so in 2017 the average well
injected 1,040 gallons of water and 1,040 pounds of proppant/additives per lateral foot.255

Figure 177. Relationship between water and proppant injection per lateral foot from 2012 to
2017 in the Fayetteville Play.256
Proppant typically averages about 12% on a mass basis of the injected fluid, hence one U.S. gallon of injected water
contains about one pound of proppant and other additives. In 2017, 1,040 pounds of proppant and additives were
injected per foot along with 1,040 gallons of water.

255
256

Fracfocus database and Drillinginfo.
Data from Drillinginfo retrieved November 2018 and Fracfocus retrieved August 2018.
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5.6.3 Well Productivity
Oil and gas production per lateral foot from 2006 to 2017 over the first 12 months of well life is
illustrated in Figure 178. As of mid-2017, average production over 12 months was about 130 thousand
cubic feet per foot. Average productivity per foot has decreased somewhat over this period.

Figure 178. Gas production per lateral foot (individual wells) over the first 12 months of well life
in the Fayetteville Play, 2006 to 2017.257
In mid-2017, the average well produced about 130 thousand cubic feet per foot over the first 12 months of well life.

257

Data from Drillinginfo retrieved November 2018.
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Figure 179 illustrates oil and gas production per lateral foot over the first six months of well life
compared to injection of water and proppants from 2010 to 2017. Productivity for gas decreased 4%
over this period whereas water and proppant injection volumes increased by 48%.258

Figure 179. Gas production per lateral foot over the first six months of well life compared to
injection of water and proppants from 2010 to 2017 in the Fayetteville Play.259
Gas productivity is down 4% over this period despite a 48% increase in water and proppant injection volumes.

258
259

Data from Drillinginfo retrieved November 2018 and Fracfocus retrieved August 2018.
Data from Drillinginfo retrieved November 2018 and Fracfocus retrieved August 2018.
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Change in water and proppant injection versus production per lateral foot over the first 6-, 12- and 24months of well life from 2010 to 2017 are illustrated in Figure 180. Productivity declined by 20%
through 2015 but has increased somewhat with increased water and proppant injection since then.
There were too few wells drilled in 2018 to reliably assess productivity.260

Figure 180. Change in average production and water/proppant injection per lateral foot over the
first 6-, 12- and 24-months of well life from 2010 to 2017 in the Fayetteville Play.261

260
261

Note that 2015 and later years are based on far fewer wells given the collapse in drilling rate beginning in 2011.
Data from Drillinginfo retrieved November 2018 and Fracfocus retrieved August 2018.
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5.6.4 Synopsis
Key takeaways are as follows:
-

The Fayetteville, like the Barnett, is a late stage play with declining production. As with other
plays, production has been concentrated in a few counties, with the top four accounting for 91%
of cumulative gas production, and the top two accounting for 52%. The drilling rate has
collapsed from nearly 900 wells per year in 2010 to three wells in 2018. As of 2016, average
well productivity over the first 12 months of well life had declined 13% from 2010 levels,
indicating well overcrowding and/or drilling lower quality portions of the play. Some new infill or
peripheral wells will be drilled but likely not at a high enough rate to reverse the play’s
production decline.

-

Individual wells decline quickly. The average well declines by 81% over the first three years of
well life, so continual drilling is necessary to maintain field production.

-

Overall field decline is low compared to other shale plays at 17% per year. This due to the fact
that most production now comes from hundreds of legacy wells that are several years old and
are in the terminal low-decline portion of their hyperbolic production decline curves. Assuming
every new well produces gas at the most recent 12-month average and that drilling locations
haven’t been exhausted, 113 new wells per year, or 3,670% more wells than the estimated 3
wells drilled in 2018, are needed to offset field decline. At an average cost of $5.0 million per
well,262 an annual expenditure of $0.6 billion is required each year to keep production flat at its
current rate of 1.4 billion cubic feet per day.

-

Better technology has made a marginal difference in the Fayetteville Play. Horizontal lateral
length has increased by 49% since 2012, although water and proppant injection per lateral foot
has decreased by 4%, which has allowed each 2018 well to access 1.36 times as much
reservoir as in 2012. This means drilling locations calculated in 2012 are being depleted 1.36
times as fast as the drilling rate indicates. Although this has meant some cost-savings for
operators, the declining productivity of wells due to poorer quality reservoir rock and/or
overcrowding of wells suggest this play is in its final phase.

-

Gains in productivity due to technology improvement have declined in 2018, for although
average horizontal lateral increased slightly, the injection volume of water and proppant
injection per foot declined (see Figure 17).

-

The rate of drilling estimated for 2018 will see Fayetteville production continue to decline at
near the terminal rate for this play of 17% per year.

Energy Information Administration, March 2016, Trends in U.S. Oil and Natural Gas Upstream Costs,
https://www.eia.gov/analysis/studies/drilling/pdf/upstream.pdf . Fayetteville well costs, at $5 million each, are assumed to be lower than
other shale gas plays like the Marcellus due to lower injection volumes and shorter horizontal laterals.
262
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6. Summary and Conclusions
Technology to produce oil and gas from very low permeability (shale) reservoirs has indeed been a game
changer. The relative predictability of reservoir properties over fairly wide areas—though not ubiquitous—
coupled with precision drilling techniques, means that there are now few dry holes. U.S. oil and gas
production has reached record highs as a result of applying technology and massive volumes of inputs
to shale plays. Nonetheless, oil and gas from shale are finite resources. The ten plays reviewed in this
report represent 93% of U.S. shale gas and tight oil production, and it is unlikely that there are other
significant ‘bonanzas’ left to be found. Therefore, the key question for industry, policymakers, investors,
and residents in areas where drilling occurs is this: For how long can we expect technological
improvements to overcome geological limitations?
‘Better’ technology consists mainly of longer horizontal laterals, larger volumes of injected water and
proppant, and more sophisticated additives and completion techniques. Multi-well pad drilling has
boosted efficiencies in terms of surface infrastructure and reduced the surface footprint. Together,
these innovations have lowered costs and allowed the resource to be extracted with fewer wells, but
have not significantly increased the ultimate recoverable resource.
Since 2012, horizontal lateral lengths have increased by 44% on average to 7,404 feet, although lateral
lengths vary by play from a low of 5,548 in the Barnett to a high of 9,864 in the Bakken. A few
horizontal laterals have exceeded 20,000 feet. Total water volume injected per well across all plays has
increased 252% on average, or more than three-fold, to 12.2 million gallons, although in the Permian
Basin total water volume per well has increased more than six-fold since 2012. Some wells have had
much higher volumes injected, occasionally exceeding 40 million gallons—the equivalent of 60 Olympicsized swimming pools or 2.5 million showers.263 As a result, even though the number of wells drilled has
fallen in shale plays since 2012, total water consumption has increased by 133% to 121 billion gallons
in 2018, nearly half of which was used in the Permian Basin. Injection per horizontal lateral foot has
increased by 145% on average since 2012, to 1,645 gallons of water and 1,645 pounds of proppant,
although this varies by play up to 2,720 gallons of water per foot in the Haynesville. Individual wells
have injected much larger volumes.
The increase in horizontal lateral length and water and proppant injection volumes mean that a 2018
well can access 2.6 times as much reservoir rock, on average, as a 2012 well. Tight oil plays have seen
somewhat more improvement than shale gas plays, at three times and 2.2 times, respectively (Permian
Basin wells have increased more than four times). This has increased well productivity significantly in
most plays and lowered costs. As a result, effective drilling rates in terms of 2012-equivalent wells are
at all-time highs, even though the actual drilling rate has fallen from 2012 levels to 9,975 wells in
2018.
These technological improvements, however, don’t change the fundamental characteristics of overall
shale production, only speed up the boom-to-bust life cycle. Shale plays follow an evolutionary life cycle:


Early Stage: Discovery with step out drilling to define sweet spots. As sweet spots are located
and focused on well productivity increases, sometimes dramatically. Well productivity gains are

263 The Water Research Foundations, “Residential End Uses of Water, Version 2,” retrieved April 9, 2019;
http://www.waterrf.org/Pages/Projects.aspx?PID=4309.
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primarily from moving from lower- to higher-quality reservoir rock, not technology. Examples
include the Utica.


Early Mature Stage: Sweet spots have been delineated and are methodically being drilled off.
Increased well productivity is primarily due to technology gains. Examples include parts of the
Permian, Haynesville, and Bakken.



Late Mature Stage: Sweet spots become saturated with wells and well interference or ‘frac hits’
become evident. Despite better technology well productivity declines both from overcrowding
wells and having to move drilling to lower quality reservoir rock. Examples include the Eagle
Ford, parts of the Marcellus (e.g., the top producing county Susquehanna), and parts of the
Permian, Woodford, and Niobrara.



Late Stage: Sweet spots are saturated with wells and drilling rates collapse. Production falls at
close to terminal decline rates, offset only by limited infill and peripheral drilling. Technology
does help but cannot make up for the exhaustion of high-quality drilling locations. Examples
include the Barnett and Fayetteville.

The high decline rate of shale wells mean that high levels of drilling and capital input are needed to
maintain production, let alone increase it. Table 2 provides summary statistics from this report for each
play surveyed.
General trends include:

264



The production weighted 3-year decline rates of tight oil and shale gas wells are 87% and 78%,
respectively.



Play decline rates without new drilling are 26% per year for tight oil and 30% per year for shale
gas.



In order to keep production flat at late-2018 production rates, 5,399 new wells per year are
required for tight oil and 2,335 wells for shale gas. Together these amount to an expenditure of
$52.3 billion per year to offset field declines, of which 72% is for tight oil.264



The total drilling costs for 2018 are estimated at $70 billion for 9,975 wells, 77% of which was
devoted to tight oil plays and 23% to shale gas plays.



Of the $54 billion spent on tight oil plays in 2018, 70% served to offset field declines and 30%
to increase production. In the case of shale gas, 90% of the $16 billion spent in 2018 served to
offset field declines and 10% to increase production.

This is for drilling costs only, and does not include other costs such as leasing, management overhead, etc.
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Play

3-year
well
decline

Field
decline
2017

Production Wells/
OCT-18
year to Wells
(oil, mbd;
offset drilled
gas, bcfd) decline 2018

Wells to
offset
decline
%

Well cost

Drilling
cost to
offset
decline

2018
drilling
cost

($million)

($million)

($million)

Play
stage

Prognosis

Tight Oil

Shale gas

Table 2. Decline rates, wells needed, drilling costs, play stage and play production prognosis.

At 2018 drilling rates, both tight oil and shale gas production will continue to grow. But shale gas and
tight oil, while still representing a significant resource, are ultimately finite and deplete quickly.
Declining well productivity in some plays, despite application of better technology, are a prelude to what
will eventually happen in all plays: production will fall as costs rise. Assuming shale production can grow
forever based on ever-improving technology is a mistake—geology will ultimately dictate the costs and
quantity of resources that can be recovered. Future energy policy must be based on this reality.
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